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Abstract 
The Fluoride-Salt-Cooled High-Temperature Reactor (FHR) is a new nuclear reactor concept 
characterized by the use of a very high-temperature fuel, a very high-temperature coolant 
(~ 700 ºC) and operation at near atmospheric pressure. These operating conditions make this 
reactor type safer and more efficient than the current water cooled reactors. However, this 
reactor concept has some unresolved issues; one of them being the formation of tritium in the 
coolant salt. If tritium is not removed from the reactor, it will permeate the structural materials 
and find its way out to the environment. Graphite has been proved to have the ability to adsorb 
tritium at high temperatures, and thus, it can be considered as a tritium removal technology. 
The aim of the present work was to study the feasibility of using graphite or other carbon 
materials as an effective tritium removal technology in FHRs. To this end, an experimental 
system to measure the adsorption of hydrogen isotopes on different carbon materials immersed 
in molten salts was designed and commissioned. The experimental system consisted of a 
stainless steel vessel heated by a tubular furnace to operating temperatures from 500 to 700 ºC. 
The amount of hydrogen adsorbed was calculated by monitoring the pressure of the vessel. 
Experiments were performed to measure hydrogen adsorption on a selected activated carbon 
and graphite immersed in FLiNaK for different temperatures and pressures. Hydrogen 
solubility in FLiNaK was also measured for the same operating conditions. Tritium and 
hydrogen have very similar properties, and therefore hydrogen was used instead of the 
radioactive tritium. Both hydrogen solubility in FLiNaK and adsorption on carbon samples 
were found to decrease with increasing temperature. However, no correlation was found 
between the ratio of adsorption to solubility and the temperature. 
In addition, for a selected temperature and pressure the hydrogen adsorption on carbon 
materials with different properties was studied. This was carried out in order to understand the 
effect that the properties of the carbon materials have on their hydrogen adsorption capacity. 
Experimental results showed that the properties of the sample did not have a big impact on 
their hydrogen adsorption capacity. However, characterization performed on the spent carbon 
samples showed that FLiNaK dopes the carbon materials with potassium, which enhances their 
hydrogen adsorption capacity. 
Additional experiments were performed using deuterium gas, in order to extrapolate the results 
to tritium and give an estimation of its adsorption properties on these carbon materials. 
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Activated carbon was found to adsorb roughly 20 % more deuterium than hydrogen. However, 
deuterium adsorption on graphite was found to be lower than the one of hydrogen. Furthermore, 
models were developed to describe the dynamics of hydrogen and deuterium dissolution in 
FLiNaK and adsorption on carbon materials. This information was used to develop a model 
describing tritium transport in FHRs, including tritium removal from the secondary cooling 
salt using activated carbon. The model gave an estimation of the amount of activated carbon 
that would be required in order to remove at least 90 % of the estimated tritium production in 
FHRs. 
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Chapter 1. Introduction 
 
This chapter presents an overview of the research questions this thesis aims to answer. The aim 
and objectives of the thesis and its structure are included. 
1.1. Background 
Nuclear power is an important option to meet future energy needs without emitting carbon 
dioxide and other atmospheric pollutants. The main focus of the immediate future seems to be 
on advanced pressurized water reactors (PWR), however, the events in Fukushima showed the 
inherent safety problem of the water reactor systems. Adequate safety can be achieved by 
improving the design of the nuclear reactors. 
A new reactor system has been proposed that is characterized by the use of a very high-
temperature fuel and a very high-temperature coolant – the Fluoride-Salt-Cooled High-
Temperature Reactor (FHR) [1, 2]. Among possible reactor coolants (water, gas, metal and 
salt), only liquid salts offer the desirable combination of low pressure operation at high 
temperatures, as shown in Figure 1.1. FHRs use liquid-fluoride salts as the primary and 
secondary coolants.  
 
Figure 1.1. Operating pressure and temperature for the different reactor coolant options 
(Reproduced from [3]). 
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It is the physical and chemical characteristics of the fuel and coolant that open up a new set of 
reactor options. This reactor system combines the clean salt coolant technology from the 
molten salt reactor (MSR), the improved fuel technology for gas-cooled reactors, and advanced 
gas turbine technology. 
This new combination of existing technologies creates an option of a large power reactor with 
no risk of catastrophic accidents. The nuclear accident in Fukushima resulted from radioactive 
decay heat generated after the reactors were shut down that overheated and destroyed fuel. The 
FHR fuel and coolant combination will allow decay heat to be transferred to the environment 
without fuel failure at accidental conditions [4]. 
However, this reactor type have some unresolved issues and one of these is the formation of 
radioactive tritium. The baseline coolant for the FHR is the eutectic mixture of LiF and BeF2, 
called FLiBe. Tritium, which is formed by neutron absorption of 6Li in FLiBe, is a radioactive 
form of hydrogen that has very low solubility in FLiBe, and thus it can permeate the structural 
materials and find its way out to the environment [5]. The FHR is required to capture 90 % of 
the tritium produced, preventing its release [2]. 
Different tritium removal technologies are considered. Tritium removal by absorption on the 
graphite matrix of the fuel appears to be a cheap and easy way to eliminate the tritium from 
FHRs [6]. Graphite has been proved to have the ability to adsorb tritium at high temperature 
[7, 8]; however, further experimental data is needed to assess whether this tritium removal 
technology is feasible. In addition, different carbon materials, such as activated carbons could 
also be used to adsorb tritium in FHRs. 
Several researchers have studied hydrogen adsorption in graphite at high temperature [9-11]. 
However, all the studies were performed under hydrogen or inert gas environment. The 
hydrogen adsorption capacity of graphite and the mechanism by which hydrogen is adsorbed 
is expected to change if graphite is immersed in a molten salt, as it is the case in FHRs. 
Therefore, experimental studies are needed in order to examine whether or not the use of 
graphite or carbon-based getters would be an efficient technology to remove tritium from 
FHRs. 
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1.2. Aim of the thesis 
The aim of this thesis is to assess whether tritium can be effectively removed from FHRs by 
adsorbing it on graphite or different carbon materials. The objectives listed below were set to 
achieve the above aim: 
1. Design, construction and commissioning of an experimental system able to measure 
adsorption of hydrogen isotopes on carbon materials immersed in molten salt. 
In order to get the most realistic results, tritium absorption should be studied. However, 
the high radioactivity of tritium as well as its very limited availability made it impossible 
to use it in the current project. Based on the very similar properties of trit ium and 
hydrogen, the absorption of the latter was chosen to be studied as a relatively good 
approximation. 
The experimental system was designed in order to operate at similar temperatures as the 
FHRs (500 – 700 ºC). The most challenging part of the design was to choose a 
configuration that would allow the carbon materials to be completely immersed in a 
molten salt, which at the same time should be relatively easy to clean and remove them 
from the experimental system. 
2. Study hydrogen adsorption capacity of graphite and carbon materials immersed in 
molten salts. 
It was estimated that graphite used as a moderator on the reactor core would adsorb a 
large amount of tritium [8]. Therefore, different graphite types were selected to be 
studied. In addition, there are other carbon materials, such as activated carbons, that have 
the ability to adsorb large amounts of hydrogen. Hence, hydrogen adsorption on other 
carbon materials was also studied with the aim of finding a material with better hydrogen 
absorption capacity than graphite. 
Different operating conditions, such as temperature and pressure, were studied in order 
to investigate the effect they have on the amount of hydrogen adsorbed on each carbon 
material. In addition, the effect of the salt on the hydrogen adsorption capacity was 
investigated. This was done by performing experiments with the carbon material 
immersed in molten salt and in direct contact with hydrogen. 
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3. Perform deuterium adsorption experiments in order to investigate the isotope effect. 
The isotope effect was investigated by measuring deuterium adsorption capacity of 
different carbon materials. The experiments were performed using the same operating 
conditions as with hydrogen. This was done with the aim of extrapolating the data to 
tritium adsorption capacities. 
4. Study the feasibility of using graphite or other carbon materials to effectively remove 
tritium from FHRs. 
For a 1 GWe FHR, at least 90 % of tritium produced should be removed in order to 
comply with emission limits [2]. A model was developed and simulated using gPROMS 
modelling software in order to assess whether at least 90 % of tritium produced could be 
removed by adsorbing it on carbon materials. For that, tritium adsorption on graphite and 
activated carbon was considered. 
1.3. Structure of the thesis 
The thesis is divided into nine chapters in total. This chapter discusses the background and 
motivation of the study along with the specific objectives of the thesis. Chapter 2 provides a 
literature review of the FHR, focussing on the unresolved issue of tritium production. Different 
strategies suggested to remove tritium from FHRs are reviewed. 
Chapter 3 is dedicated to the design, construction and commissioning of the High Temperature 
Hydrogen Adsorption System (HTHAS) employed in subsequent experiments presented in 
Chapters 4, 6 and 7. It also includes a description of the experimental procedure followed and 
the analytical techniques used. 
In Chapter 4 measurement of hydrogen solubility in FLiNaK (the eutectic mixture of LiF, NaF 
and KF) and adsorption capacity on a selected graphite and activated carbon immersed in 
FLiNaK are shown. The experiments were performed at different temperatures and pressures. 
In Chapter 5 a model that describes hydrogen transport in the HTHAS is described. It shows 
the estimation of the diffusivity and solubility constants of hydrogen in FLiNaK and the 
development of an equation that describes the kinetics of hydrogen adsorption on activated 
carbon immersed in FLiNaK. 
Introduction 
 
30 
Chapter 6 focuses on the comparison of hydrogen adsorption capacities of different carbon 
materials immersed in FLiNaK. Different types of graphites, activated carbons and carbon 
nanofibers were selected. These materials showed different textural properties, which was 
instrumental in order to investigate the effect that these properties have on their hydrogen 
adsorption capacity.  
Chapter 7 shows experimental results obtained using deuterium. Deuterium adsorption 
capacity of the activated carbon and graphite used for Chapter 4 was studied. These results 
were used along with the ones obtained in Chapter 4 in order to estimate tritium adsorption 
capacity on these carbon materials. 
In Chapter 8 a model was developed to simulate tritium transport in FHRs including its removal 
using activated carbon and graphite as getters. This model was developed using the 
experimental results obtained in the previous chapters. The model was created to assess 
whether at least 90 % of tritium produced in FHRs could be removed by adsorbing it on carbon 
materials. 
The conclusions of this work are summarised in Chapter 9 together with recommendations for 
future work. 
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Chapter 2. Background 
 
In this chapter the background of the Fluoride Salt-Cooled High-Temperature Nuclear 
Reactors, its advantages comparing to the current reactors and the problem of tritium formation 
on these reactor types are discussed. The chapter also discusses the transport of tritium within 
the reactor and the possible technologies suggested to remove it. 
2.1. Fluoride Salt-Cooled High-Temperature Reactors (FHRs) 
In nuclear reactors, heat is produced by a sustained nuclear chain reaction, in which a large 
fissile atom nucleus absorbs a neutron and undergoes nuclear fission. The reaction heat is 
transferred to a coolant, which then transfers it into a power conversion fluid that runs through 
a turbine. Nuclear reactors are normally classified according to the coolant used. The most 
common reactor types use water as coolants. However, due to thermodynamic limitations, high 
pressures are required in order to operate at relatively high temperatures (~300 ºC). On the 
other hand, some reactors also use gases as coolants because they have higher efficiency than 
water reactors due to higher operating temperatures. Most of these reactors traditionally used 
CO2. However, new designs consider the use of other gases such as helium. These reactors 
require high operating pressures due to the nature of the coolant.  
The Fluoride Salt-Cooled High-Temperature Reactor (FHR) is a type of reactor that uses 
fluoride salts as coolant. The use of these salts makes this reactor type safer and more efficient 
than the current water reactors as it operates at high temperature and low pressures. 
The FHR concept was originally proposed in 2002 [1]. Since then several design options were 
developed [2, 12-15]. The most recent one was a result of an integrated university research 
project (IRP) consisting of University of California, Berkeley (UCB), Massachusetts Institute 
of Technology (MIT), and University of Wisconsin (UW) which is called Mk1 PB-FHR [4]. A 
series of reports have been published describing the research carried out as part of the IRP [16-
21]. The Mk1 PB-FHR is the first integrated FHR design to propose driving a nuclear air-
Brayton combined cycle (NACC) for base-load electricity generation. A schematic 
representation of the latest FHR design is shown in Figure 2.1. 
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Figure 2.1. Mk1 PB-FHR flow schematic (Reproduced from [4]). 
The FHR is a new reactor type that brings together five nuclear power technologies: 
 Fuel: The fuel is formed of small microspheres coated with multiple layers that provide 
the cladding. These fuel particles are also called tristructural-isotropic (TRISO) particles. 
The TRISO particles are then incorporated into a graphite matrix, resulting on a fuel that 
can maintain its ability up to temperatures of 1600 ºC [19]. 
The fuel microspheres can be incorporated into a graphite matrix forming different 
geometries. The most promising fuel configurations are prismatic fuel blocks, plank fuels 
and pebble bed fuel [22]. The fuel geometry selected for the Mk1 PB-FHR baseline 
design is the pebble fuel. Figure 2.2 displays the composition of a fuel pebble. Each of 
the individual fuel pebbles has a diameter of 3 cm. Table 2.1 shows additional 
information of the different layers of the fuel pebble. 
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Figure 2.2. FHR Base-Line Graphite-Matrix Coated-Particle Fuel (Reproduced from [2]). 
Table 2.1. Geometric and material definition of the PB-FHR fuel pebble design [19]. 
Component Outer radius (cm) Material Density (g·cm-3) 
Inert graphite core 1.25 Porous graphite 1.59 
Active region 1.40 TRISO + Matrix --- 
Pebble shell 1.50 Graphite 1.74 
 Moderator: The moderator in a nuclear reactor aims to reduce the speed of the fast 
neutrons, turning them into slow neutrons capable of sustaining a nuclear chain reaction. 
The FHR uses graphite in both the fuel and the structural components as the primary 
moderator. Graphite is adequate for the FHR because of its high thermal conductivity 
and low chemical activity at high temperatures. Graphite has been used in gas-cooled 
high-temperature reactors, and therefore there is a large experience base. 
 Safety systems: The primary safety system for the decay heat removal in the FHR is the 
Direct Auxiliary Cooling System (DRACS). This system is designed to remove the decay 
heat produced after shutdown of the reactor. DRACS is a natural-circulation liquid heat 
transfer loop: the salt is heated in the DRACS heat exchanger (DHX), it becomes less 
dense and it flows upward to the natural draft air-cooled heat exchanger (NDHX) where 
heat is transferred to air. The liquid becomes denser as it cools down, and the liquid flows 
back to the reactor DHX. As a result, the DRACS system operates without electric power, 
Background 
 
34 
and thus it is a good safety system to remove heat under accidental conditions, as in 
Fukushima. 
 Control rods: The Mk1 PB-FHR design uses 8 cylindrical buoyant control rod system 
for normal reactivity control [4]. The system also provides a passive shutdown function 
because the buoyant rods will be insert if the reactor coolant temperature exceeds the 
buoyant stability limit. The rods contain natural boron carbide and are cladded with either 
316 stainless steel or CFRC.  
 Power cycles: The FHR delivers high temperature heat, thus making it possible to use an 
air-Brayton combined power cycle. The FHR outlet temperature is 700 ºC, which gives 
an expected efficiency of 47% [2], higher than the efficiencies for traditional light water 
reactors (~ 33 %). The use of an air-Brayton cycle creates the chance of producing peak 
power using natural gas. The additional power would be derived from further heating the 
air by burning natural gas. 
 Coolant: The coolant is a mixture of fluoride salts that has a relatively low melting point 
and low vapour pressure. The properties of the candidate salts, and the selection criteria 
are explained in the section 2.2. The primary system operates at near atmospheric 
pressure. The primary coolant enters the reactor core at around 600 ºC and it is heated to 
a temperature of 700 ºC. In the Mk1 PB-FHR design the heat produced in the reactor 
core is directly transferred to the power conversion fluid through the Coiled Tube Air 
Heaters (CTAHs) shown in Figure 2.1. 
However, all the previous FHR designed considered an intermediate coolant loop [2, 12-
14]. In that case, the heat produced in the reactor core was transferred to the intermediate 
coolant through the primary heat exchanger (PHE) and then to the power cycle fluid 
through the intermediate heat exchanger (IHX). In the latest design the intermediate 
coolant loop was eliminated due to plant simplification, cost reduction, and overall plant 
safety [4].  
The reactor is easy to refuel. The pebbles are lighter than the coolant, and thus they float. The 
fuel pebbles are fed from the bottom and removed from the top, spending an average time of 
one month in the reactor. When the pebbles leave the reactor they are sent to a radiation detector 
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to determine burnup, the spent fuel is sent for disposal and the rest is recycled back to the 
reactor core for additional burnup. 
Under normal operation conditions the heat will be transferred from the primary to the energy 
conversion fluid (shown in Figure 2.1). The DRACS system contains a fluidic diode, which is 
a one-way valve with high flow resistance in one direction and low resistance in the other. 
Therefore, the heat losses through the DRACS system will be minimised under normal 
operation. The coolant will only flow to DRACS when the reactor pumps do not work. 
The Mk1 PB-FHR design includes 10 reactor units that are capable of producing a base-load 
electricity of 1200 MWe. The electricity production capacity of unit can be increased by gas 
co-firing burning for peak electricity generation. The Mk1 PB-FHR has a peak power output 
of 2900 MWe [4].  
Four fuel pebbles can provide enough electricity for an average U.S. household (equivalent to 
11.3 MWeh). Fuel pebbles pass through the core approximately eight times with an average 
total residence time of 1.4 years at full power operation. Each fuel pebble contains 1.5 g of 
uranium encapsulated inside 4,730 coated fuel particles, as shown in Figure 2.2. These four 
small fuel pebbles produce the same amount of electricity as 8.1 tons of anthracite coal, or 17 
tons of lignite coal using a coal power plant [4]. 
2.2. Coolant Selection 
Molten salts are good candidates to be used as coolants in nuclear reactors due to their ability 
to operate at high temperatures and near atmospheric pressures. The main coolant of the FHR 
is the one that flows through the reactor core. In the MK1 PB-FHR design there is one 
additional coolant that is used in DRACS decay-heat removal loop. However, earlier FHR 
designs included an intermediate coolant loop, in which a different coolant is used. There are 
different requirements concerning the selection of the salt used in each loop, depending on the 
purpose of the salt. Therefore, there have been multiple studies on the advantages and 
disadvantages of different coolant salts [23-25].  
2.2.1. Selection of the primary coolant 
The primary coolant has several functions: Its primary purpose is to transport the heat generated 
by the fuel from the reactor core to the power conversion fluid. Additionally, the salt provides 
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neutron moderation, gamma shielding, and serves as radionuclide containment [12]. 
Consequently, the primary coolant salt must be chosen based on its thermal, nuclear, and 
chemical properties, and therefore must satisfy the following requirements [23]: 
- Have low neutron capture cross section. 
- Be thermally stable and have a low vapour pressure under normal operating conditions. 
- Have adequate heat transfer properties for its use as a heat-exchange fluid. 
- Be compatible with structural materials. 
- Be stable in a radiation environment. 
- Be relatively inexpensive. 
All coolants that have been proposed are fluoride salts, mainly due to the very low nuclear 
cross-section of 19F, their chemical stability in a radiation environment and compatibility with 
materials. The rest of the cation choices have higher nuclear cross-sections, which implies 
higher uranium enrichment and lower fuel burnup.  
As for the cation choices, 7Li is the preferred cation for the coolant due to its very low neutron 
absorption cross-section. The other naturally occurring isotope is 6Li, which has a high nuclear 
cross-section and generates tritium when it absorbs a neutron. Natural lithium contains 
92.5 wt% 7Li and 7.5 wt% 6Li, and the conventional reactor coolant is enriched in 7Li 
( ̴  99.995%). Other cations that can be used in the coolant salt are beryllium, isotopically 
separated 11B, zirconium, and sodium [24]. 
All fluoride salts proposed to be used as coolants are mixtures of different fluorides to optimise 
their physical properties, including lowering their melting point. The properties of these salts 
and other more common coolant salts are displayed in Table 2.2. All salts have melting points 
ranging from 300 to 500 ºC and atmospheric boiling points above 1300 ºC. At the reactor 
operating conditions the fluoride-salt heat-transfer properties are similar to those of pressurised 
water. 
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Table 2.2. Summary of the Properties of Candidate Coolants for the FHR [24, 26]. 
    Heat transfer properties at 700 oC    
Salt  Tm (ºC) Tb (ºC) Mol (%) ρ (g·cm-3) 
ρ·Cp 
(cal·cm-3·ºC-1) 
μ (cP) 
Thermal 
conductivity 
(W·m-1·K-1) 
Neutron 
capture 
relative to 
graphite 
Moderating 
ratio 
LiF-BeF2 (FLiBe) 460 1430 67 – 33 1.94 1.12 5.6 1.0 8 60 
NaF-BeF2 340 1400 57 – 43 2.01 1.05 7 0.87 28 15 
LiF-NaF-BeF2 315 1400 31 – 31 – 38 2.00 0.98 5 0.97 20 22 
LiF-ZrF4 509 --- 51 – 49 3.09 0.90 >5.1 0.48 9 29 
NaF-ZrF4 500 1290 59.5 – 40.5 3.14 0.88 5.1 0.49 26 10 
KF-ZrF4 390 --- 58 - 42 2.80 0.70 <5.1 0.45 67 3 
Rb-ZrF4 410 1450 58 - 42 3.22 0.64 5.1 0.39 14 13 
LiF-NaF-ZrF4 436 --- 26 – 37 -37 2.79 0.98 6.9 0.53 20 13 
LiF-NaF-KF (FLiNaK) 454 1570 46.5 – 11.5 - 42 2.02 0.91 2.9 0.92 90 2 
LiF-NaF-RbF 435 --- 42 – 6 - 52 2.69 0.63 2.6 0.62 20 8 
KCl-MgCl2 435 --- 68 – 32 1.66 0.55 1.4 0.40 --- --- 
NaNO3-NaNO2-KNO3 142 --- 7 – 49 - 44 1.79 0.74 1.3 – 1.6 0.51 – 0.61 --- --- 
NaNO3-KNO3 222 --- 48 - 52 1.84 1.27 1.7 0.55 --- --- 
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The baseline coolant chosen for the FHR is FLiBe, a eutectic mixture of 7LiF and BeF2. FLiBe 
has the best properties of all the salts considered: lower neutron absorption, negative void 
coefficient (reactor safety measure), reasonable physical properties, very low residual 
radioactivity, and low corrosion potential [23]. On the other hand, FLiBe has some 
disadvantages; it is expensive because it needs isotopically separated 7Li; it has a relatively 
high melting point; and it is toxic due to beryllium. 
The backup alternative salt is 7LiF-ZrF4. The most likely reason for a change in coolant is 
because of the toxicity of beryllium. The 7LiZr fluoride salt has good nuclear properties and 
safety characteristics, and there is a potential for improvement in this salt by using isotopically 
separated zirconium. However, this salt mixture has less desirable neutronic and thermal 
hydraulic properties [19]. 
2.2.2. Selection of the secondary coolants 
The Mk1 PB-FHR design uses an additional coolant for the DRACS system, which is used to 
remove heat under accidental conditions. Previous FHR designs also used a secondary coolant 
salt to transport heat from the primary coolant to the power conversion system. Therefore, the 
evaluation criteria for the selection of these coolant salts is completely based on heat transport 
performance.  
Nevertheless, there is a limitation when choosing the salt. The alloy used in the heat exchangers 
needs to be compatible with both the primary and secondary coolants. There is no alloy 
compatible with fluoride salts and other chemical systems (such as chloride salts) at the 
operating temperature [12], and therefore, only fluoride salts are candidates for the secondary 
coolant. 
The requirements for the secondary coolants are the following [12]: 
- It must have a melting point below ~ 500 ºC.  
- The boiling point must be above the FHR core outlet temperature so as to maintain low 
pressure. 
- Vapour pressure of the individual salts must remain below 1 atmosphere at operating 
conditions. 
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- It must be thermally stable under any accidental conditions. 
- The salt must have a low viscosity and large heat capacity at operating temperature. 
- It should not be highly toxic. 
Regarding all the requirements, FLiNaK (LiF-NaF-KF) has been suggested as the secondary 
coolant for the previous PB-FHR design due to its good heat transfer properties, low viscosity 
and low toxicity [14]. On the other hand, a different FHR design at Oak Ridge National 
Laboratory (ORNL) selected KF-ZrF4 as the intermediate coolant [13], partly because it does 
not contain lithium or beryllium, and therefore it is relatively nontoxic, and any leaks into the 
primary coolant would not dilute the enrichment of the lithium [27]. Although they do not fulfil 
the alloy compatibility requirement, mixtures of chloride salts such as KCl-MgCl2 are also 
considered for the intermediate loop [26].  
The previous PB-FHR design considered KF-ZrF4 as the coolant for the Direct Reactor 
Auxiliary Decay Heat System. However, the latest MK1 PB-FHR design uses FLiBe as the 
base-line coolant for the DRACS system. 
2.3. Fluoride-Salt Corrosion Chemistry 
The main cause of corrosion of structural materials in liquid fluoride-salt systems is the 
oxidation of a structural constituent metal. Consequently, corrosion resistance is obtained by 
choosing structural materials that are thermodynamically more stable than the components of 
the salt [12].  
Table 2.3 indicates the stability of different fluorides. The most stable fluoride forms are at the 
top of the table, whereas the least stables are at the bottom. Components of the coolant salts 
are towards the top of the table, and the structural component towards the end. As nickel 
fluoride is less stable than all the fluoride salts considered as coolant, nickel-rich alloys are 
used for corrosion resistance. 
However, for the components in a reaction vessel apart from high corrosion resistance to 
fluoride salts, high resistance to high-temperature oxidation in air is also required. Nickel-rich 
alloys are resistant to salt corrosion but not to oxidation in air. Therefore, chromium is also 
added, because in the presence of air it forms a passivating oxide layer, which provides 
resistance to corrosion [2]. 
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The baseline alloy for the construction of the reactor vessel is Hastelloy-NTM, (wt %: Ni 
balance, Mo 16, Cr 7, Fe < 5, Si  < 1, W < 0.5, Cu < 0.35, Co < 0.2, Mn < 0.08, C < 0.08, Al + 
Ti < 0.35) which was specifically created to be corrosion resistant at 700 ºC [2]. 
Table 2.3. Free energy of formation of some alkali 
fluorides and transition metal fluorides at 100 K [2]. 
Fluoride 
Free Energy of Formation, 
kCal·mol-1 
LiF -125 
NaF -112 
KF -109 
BeF2 -104 
ZrF4 -94 
CrF2 -74 
HF -66 
NiF2 -55 
MoF5 -51 
In the FHR primary system corrosion would be caused by (1) impurities in the salt, or (2) the 
formation of tritium from neutron absorption of lithium, and thus formation of tritium fluoride, 
similar to HF. In order to avoid this, the FHR requires a salt purification system, and redox 
control.  
2.4. Tritium Generation 
Tritium is produced in the coolant salt by the interaction of a neutron with lithium and 
beryllium. Tritium generation is an important safety issue because it is the only radionuclide 
with potential for significant release under normal operating conditions.  
Tritium is a radioactive isotope of hydrogen with a nucleus formed of one proton and two 
neutrons. Tritium has a half-life (t1/2) of 12.33 years, is a weak beta emitter, and decays to 
3He 
by beta decay [28]. Apart from a difference in mass, tritium behaves chemically as hydrogen. 
In the FHR tritium will be mainly formed by the neutron absorption of 6Li, although some high-
energy neutrons can also form tritium from 7Li. Additionally, neutron absorption of 19F and 
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boron impurities in the graphite will form some tritium. The relevant nuclear reactions are 
shown below. 
Li3
6 + n → H1
3 + He2
4 + 4.8 MeV 
Li3
7 + n + 2.47MeV → H1
3 + He2
4 + n  
F9
19 + n + 7.56 MeV → O8
17 + H1
3  
B5
10 + n → 2 He2
4 + H1
3 + 0.324 MeV 
Some tritium will also be generated in the reactor core as a result of ternary fission, but it 
remains trapped in the fuel [2]. Although 6Li is consumed due to neutron absorption, its 
concentration in the coolant remains constant by two mechanisms: in situ formation of 
additional 6Li by the neutron reaction with the beryllium in the salt, and additional supply of 
new salt. 
Be4
9 + n → 2 He2
4 + Li3
6 + 2.91 MeV 
When tritium is released to the environment, it is normally combined with hydrogen as tritiated 
hydrogen (HT), or with water as tritiated water (HTO). The second one is of particular concern 
because if it is ingested, internal emissions of beta particles can damage cells or genetic 
material [29]. 
Tritium is formed in all types of nuclear reactors, and the production rate mainly depends on 
the coolant used. Table 2.4 shows estimated tritium formation rates for five different reactor 
types: Molten Salt Reactor (MSR), heavy water moderated reactor (CANDU), High 
Temperature Gas-cooled Reactor (HTGR), Pressurised Water Reactor (PWR), and FHR. 
The maximum tritium emission permitted by law is 10 Ci·day-1 (0.38 g·year-1) [2],where Ci is 
a non-SI unit for radioactivity called Curie. Therefore, at least 90 % of the tritium produced in 
a 1 GWe FHR would have to be removed in order to be compliant with the emission limits. 
However, the goal of a FHR is not to exceed the tritium release rates of commercial light water 
reactors [4]. Hence, the reactors with higher tritium production require tritium control. 
Background 
 
42 
Table 2.4. Sources and rates of tritium production for 
1000 MWe reactor [8, 19, 30].[2] 
Reactor Type 
Tritium Formation Rate 
(Ci·GWe
-1·day-1) 
CANDU (Darlington) ~ 15,000 
MSR 2400 
HTGR ~ 13,000 
PWR 2 
PB-FHR  6119 
Tritium is formed from different compounds depending on the reactor type, and there is a 
significant difference in its behaviour. In CANDU reactors, tritium is formed by neutron 
absorption of deuterium atoms in heavy water, forming tritiated heavy water (DTO) [31].  
In the MSR, the fuel is dissolved in the coolant salt FLiBe, and therefore the tritium in the 
coolant will be the sum of the tritium generated from lithium and the one produced in fission 
reactions. In the FHR, tritium is also generated by fission reactions, but it remains trapped in 
the fuel. 
 
Figure 2.3. Evolution of the tritium production rate for the PB-FHR design (Reproduced 
from [19]). 
Background 
 
43 
It should be highlighted that although the main tritium generation comes from lithium, even if 
a non-lithium or beryllium fluoride salt were used as the primary coolant, the tritium produced 
from boron impurities in graphite as well as from 19F would still be enough to require tritium 
control [32]. 
The tritium generation rates expressed in Table 2.4 are related to steady state conditions. 
However, due to Equations 2.1 and 2.5 the concentration of 6Li changes over time. 6Li 
concentration at steady state will be 10 % of the initial concentration. 
Therefore, the initial tritium production will be higher than at steady state. The time that the 
reactor needs to reach the equilibrium salt composition, and hence equilibrium tritium 
production, depends on the initial salt inventory as indicated in Figure 2.3. With the minimum 
salt inventory, the reactor needs about 4 years to reach the equilibrium tritium generation. 
2.5. Tritium Chemistry in FLiBe 
It is very important to know the chemistry of tritium in FLiBe in order to understand the 
mechanism by which tritium is released from the reactor. Nearly all the research related to 
tritium chemistry in FLiBe carried out so far has been done in relation to the use of FLiBe as a 
tritium breeding material for the fusion reactor. Even though the application is different, the 
results will also be valid for the use of FLiBe in FHRs. 
Tritium behaviour in FLiBe depends on its chemical form. Tritium is formed as T+ and it is 
normally bonded to fluorine ions forming TF, which is corrosive. If H2 is added into the system, 
isotopic exchange of TF with H2 occurs, forming HT. 
T+ + H2 → HT + H
+ 
Suzuki, Terai and Tanaka [33] studied the mechanism of the change of tritium chemical species 
in FLiBe from T+ to HT under He + H2 purge gas by in situ tritium release experiments. The 
tritium release model shown in Figure 2.4 was considered, where three tritium transfer 
processes are studied: the direct release of formed T+ to the purge gas as TF, the conversion 
from T+ to HT, and the tritium release as HT. FLiBe was first irradiated with neutrons in order 
to form tritium that was dissolved in the molten salt. 
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The chemical form of tritium depends on the partial pressure of hydrogen in the purge gas. 
When there is no H2 in the system, all tritium will be in TF form. As the H2 partial pressure 
increases, more tritium will be converted to HT, and for H2 partial pressure over 1,000 Pa, all 
tritium will be as HT. 
The increase in the partial pressure of H2 will also enhance the release of tritium from the salt 
to the gas phase and the tritium permeation through metal walls [34]. Even if no H2 is added 
into the system, the impurities in the coolant and in the structural materials will result in some 
HT formation [2]. 
 
Figure 2.4. Mechanism of tritium release in FLiBe (Reproduced from [33]). 
 Redox control in FLiBe: 
A critical issue in FHRs is the corrosion induced by reduction/oxidation (redox) reactions from 
TF (or HF) [34]. Adequate corrosion control can be achieved by controlling the free fluoride 
ions in the system, and thus controlling the TF formation. This can be attained by adding a 
redox agent via the reaction shown below, where M denotes the redox agent. 
M + 2TF (HF) → T2(H2) + MF2 
If properly selected, the redox agent will tie up all the free fluorine ions in the molten salt, and 
therefore avoid the reaction with materials in the structural elements. Metals that have lower 
energy of formation than TF (or HF) are considered as redox agents. 
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Beryllium was suggested as a redox agent, due to its low enough fluoride potential (as indicated 
in Table 2.3). Some studies have confirmed that beryllium is an adequate metal for the redox 
control in FLiBe [34, 35]. The beryllium addition into FLiBe can be done by dissolving a rod 
in the salt. With the use of the redox agent, tritium will primarily be present as either HT or T2. 
2.6. Tritium Permeation 
At FHR operating temperatures, tritium in the form of HT has a low solubility in FLiBe, and 
thus it easily permeates the structural materials in contact with the coolant salt.  
An experimental molten salt reactor (MSRE) was operated at Oak Ridge National Laboratory 
(ORNL) from 1965 to 1969. The MSRE was a test reactor of 7.4 MWth in which the fuel 
(uranium as UF4 and UF3) was dissolved in the coolant salt: FLiBe [36]. The largest unresolved 
technical challenge of the MSRE was the control of tritium [37]. 
 
Figure 2.5. Diagram of the MSRE (Reproduced from [8]). 
A diagram of the MSRE is shown in Figure 2.5. In the primary system, the salt, in which the 
fuel is dissolved, circulates through the reactor, where it is heated, and through the heat 
exchangers where it is cooled. Between the reactor and the heat exchanger the salt gets in 
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contact with a helium purge gas in order to transfer fission products to the gas phase, including 
tritium. In the secondary system, the coolant salt circulates through the primary heat exchangers 
and through the steam generators. Contact with helium purge gas was also provided in this 
system. Briggs [8] developed a method to calculate the distribution of tritium in the MSRE, 
and the results obtained are illustrated in Table 2.5. 
Table 2.5. Calculated Tritium Distribution in MSRE [8]. 
Location Percentage (%) 
Graphite in core 20.4 
Primary off-gas 62.9 
Secondary off-gas 0.4 
Air from radiator (secondary) 5.6 
Reactor cell 9.6 
Coolant cell 1.5 
A large amount of tritium (62.9 %) was transferred to the purge gas, and was then passed 
through a large bed of activated carbon to separate it from helium. On the other hand, 5.6 % of 
the tritium produced permeated the heat exchangers, and was transferred to the power cycle 
fluid (air), from where it could reach the atmosphere and generate radiological damage.  
Although the tritium distribution in Table 2.4 is not directly applicable to the FHR, it is very 
helpful to understand the tritium release mechanisms, and to consider different mitigation 
strategies. For instance, it should be noted that these results show that around 20 % of the 
tritium produced was trapped in the graphite moderator, something that was not expected.  
In order to better understand tritium behaviour in FHR reactors, tritium permeation in both the 
coolant salt and the structural materials is further explained below. 
Tritium permeability can be obtained from hydrogen permeability data. In fact, classical 
diffusion theory predicts that diffusivity and permeability for two particles with different 
masses could be corrected according to the “isotope effect” equation shown below 
(Equation 2.1) [29]. 
Background 
 
47 
                                                               D2 = D1 ∙ √
m1
m2
 (2.1) 
In order to obtain tritium permeability, hydrogen permeability should be corrected by a factor 
of √1 3⁄ . Some studies have demonstrated this effect for deuterium [38, 39], but this has not 
yet been verified for tritium. Unfortunately, hydrogen or tritium permeability in metallic alloys 
depends on different factors such as the alloy composition or microstructure, and permeability 
data may vary depending on those factors. Some alloys could induce an inverse isotope effect 
where the permeability of a heavier isotope may be higher than the lighter isotope [40]. 
2.6.1. Tritium Permeation in Coolant Salt 
The permeation of tritium through FLiBe is thought to be limited by the rate of transport of T+ 
ions through the molten salt [41]. Tritium diffuses in the salt in the form of T+ bonded to 
negative ions in the salt, and recombines with hydrogen at the salt surface. 
The permeability of a gas in a liquid is the product of its diffusivity and solubility in the liquid. 
Some researchers have studied the transport properties of tritium in FLiBe; Calderoni et al. [42] 
developed correlations to calculate the solubility (𝐾𝐹𝑙𝑖𝑏𝑒,𝑇) and diffusivity (𝐷𝐹𝑙𝑖𝑏𝑒,𝑇) of tritium 
in FLiBe at different temperatures (Equations 2.2 and 2.3): 
                                𝐾𝐹𝑙𝑖𝑏𝑒,𝑇 = 7.9 ∙ 10
−2exp (−
35∙103
𝑅𝑇
) (mol·m-3·Pa-1) (2.2) 
                                      𝐷𝐹𝑙𝑖𝑏𝑒,𝑇 = 9.3 ∙ 10
−7 exp (−
42∙103
𝑅𝑇
) (m-2·s-1) (2.3) 
2.6.2 Tritium Permeation in Containment Metal 
At high temperatures hydrogen permeates though structural materials very easily. As a result, 
the permeability of diatomic hydrogen has been of interest for many different applications.  
The permeation of a gas species through a solid material involves the following steps [28]:  
- Diffusion of permeating species from bulk fluid to material surface. 
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- Adsorption of species onto material surface. This step may involve the decomposition 
of the adsorbing species into sub-elements. 
- Absorption of permeating species or species sub-elements into the solid material and 
diffusion across the bulk material. 
- Desorption and recombination of the permeating species on the opposite surface of the 
material. 
- Diffusion of permeating species from the opposite surface into the bulk fluid on the 
other side of the solid material. 
The permeation rate is determined by the slowest step, called the rate-limiting step. If a flat 
plate is assumed, a commonly used formula for the tritium permeation through structural 
materials is expressed by Equation 2.4.  
                                                   J =
A
t
Φ(T)(p2
x − p1
x) (2.4) 
J is the permeation rate of tritium in mol·s-1, A is the area of the structural material, t is the 
thickness of the material, 𝛷(𝑇) is the permeability of the material in atoms·m-1·s-1·Pa-n and is 
a function of temperature T, and 𝑝1
𝑥  and 𝑝2
𝑥 are the equivalent partial pressure of tritium on the 
upstream and downstream sides of the structural material, respectively.  
The permeability of the material,𝛷(𝑇), and the superscript x are determined experimentally. 
The superscript x varies between 0.5 and 1.0, depending on the rate-limiting step. If the 
permeation is bulk limited x = 0.5, and if it is surface-limiting x = 1.0. 
The permeability of hydrogen isotopes through some structural materials has been 
experimentally studied [43, 44]. If the tritium permeation in both the coolant salt and the 
structural materials were well understood, it would be possible to simulate tritium transport in 
FHRs. Some researchers have developed models to predict tritium transport in fusion 
reactors [45-49] and High Temperature Gas-Cooled Reactor (HTGR) [50, 51]. However, only 
simple models describing tritium transport in FHRs have been developed [29, 52].  
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2.7. Tritium Control in FHRs 
An overall tritium management strategy is governed by two processes. First, in order to prevent 
tritium from diffusing out of the system, permeation barriers can be placed on the structural 
materials. By blocking tritium release from the system, its concentration in the coolant salt will 
be higher, and therefore, tritium removal systems will be used to trap and remove it [6]. 
2.7.1. Blocking Tritium Escape from the Reactor Walls 
The development of materials highly resistant to tritium permeation has been the most studied 
contribution to tritium containment. A common approach to make the structural material 
resistant to tritium / hydrogen permeation is to add a permeation barrier.  
A tritium permeation barrier is a material that is applied on a surface of a structural material 
that has lower tritium permeability than the base material [28]. As a result, the tritium 
permeation through the material is reduced. The effectiveness of these barriers is measured as 
the permeability reduction factor (PRF).  
In addition to reducing permeation when applied to structural materials, tritium barriers must 
also maintain the same properties as the original materials, such as corrosion, irradiation or 
mechanical stress [53]. By the same token, the permeation barrier should not deteriorate the 
heat transfer properties of the material. 
Table 2.6. Tritium permeation barriers and their effectiveness [53-55]. 
Barrier Coating Base Metal 
Permeability Reduction 
Factor (PRF) 
Al (or Al2O3) SS316, MANET, TZM, 
Hastelloy-X, Ni 
10 to > 10,000 
TiC, TiN, TiO2 SS316, MANET, TZM, Ti 10 to > 10,000 
Cr (or Cr2O3) SS316 10 
BN 304SS 100 
Si Steels 10 
N Iron 10 to 20 
Er2O3 Steels 40 to 700 
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The effectiveness of the barrier mainly depends upon the thickness of the material, the presence 
of defects in the barrier, thermal expansion differences between the barrier and the underlying 
material, and the operating history of the barrier regarding past mechanical disturbances [28]. 
Metallic and ceramic tritium permeation barriers have been considered. Table 2.6 contains 
some of the barriers that have been studied as well as their effectiveness. The base material for 
all the metallic components of the FHR is 316 stainless steel, although the possibility of 
changing it for Hastelloy-N is also considered [2]. 
The most effective permeation barriers are ceramics, with a PRF of up to 10,000. However, 
when these barriers are tested in reactor conditions, the maximum PRF reported decreases to 
150 [53]. Oxide barriers would also be effective if they were used in the surface of the material 
that is not in contact with the molten salt; for instance, in the secondary side of the heat 
exchanger.  
2.7.2. Tritium Trapping 
Tritium permeation barriers alone on structural material surfaces would reduce a migration 
pathway for tritium, but it does not provide an alternative outlet. Therefore, tritium would tend 
to accumulate mainly in the primary cooling system [28]. Accumulation of tritium would cause 
the tritium concentration in the coolant to increase; with the subsequent increase in tritium loses 
to the environment by existing leaks. 
Tritium trapping systems provide a sink for the tritium produced, as well as allowing the 
collection of tritium that would otherwise have been lost to downstream processes [28]. It may 
also enhance the performance of tritium permeation barriers, because when the tritium 
concentration is reduced, the driving force for permeation across the structural materials is also 
reduced. 
The different tritium trapping systems that have been proposed are explained below. 
2.7.2.1. Permeation Windows 
A permeation window is a selective barrier that would allow tritium to permeate through it, 
without allowing the permeation of the heat transfer fluid [28]. Tritium permeates through the 
permeation window in response to a concentration gradient. 
Background 
 
51 
The metals used in permeation windows need to be compatible with the salt and have high 
tritium permeability. The most studied material for the permeator is palladium. Other advanced 
membranes for the permeation windows consist of the combination of different materials, e.g.: 
a thin film of Pd or Pt; a relatively thicker layer composed of a refractory metal such as Ta, V, 
or Zr; and another thin layer of Pd or Pt [56]. Refractory metals are used for the bulk of the 
membrane because of their high strength at elevated temperature and their high permeability 
to hydrogen. On the other hand, the thin layers of Pd or Pt are used because of their ability to 
catalyse hydrogen decomposition and recombination [57, 58]. 
Many separation systems consist of two parts: a permeation window and a capture system. A 
tritium capture system is needed in the downstream part of the permeator to keep a low tritium 
concentration and therefore maintain a high driving force. 
Once tritium is in the downstream part of the permeator, it can be captured by adsorption onto 
getter materials, or chemical transformation of the molecular tritium species into less 
permeable forms followed by removal of the transformed tritium species [28]. 
 
Figure 2.6. Permeation window system (Reproduced from [59]). 
An example of a permeation window is shown in Figure 2.6, where tritium, once in the 
downstream part of the permeator is removed by a helium flow and is then trapped in a getter. 
When tritium concentration in the fluid is very low, as it is the case in FHR reactors, it may be 
difficult to create a sufficiently high tritium gradient across the permeator to allow for a 
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practical system design [56]. This method may require a large device, and therefore, its 
economic viability is in doubt [2]. 
2.7.2.2. Double Wall Heat Exchangers 
A proposed technology to remove tritium from FHRs is to use doubled-walled heat exchangers 
instead of the current single-walled ones. This research has been mainly driven by the Sodium 
Fast Reactors (SFR) to guarantee no interactions between sodium and water [60]. 
This technology is based on flowing a fluid between the main two walls of the heat exchanger. 
Tritium must be highly soluble in the fluid, and therefore, it would be trapped on it. For 
instance, the use of liquid lithium would result in an efficient tritium capture system. Such 
systems may provide a PRF of > 105 [2]. Double wall heat exchangers can be viewed as big 
permeation window system. 
Nevertheless, the use of double walled heat exchangers would result in the need of larger 
(~ 25 % increase in the heat exchanger area), more complex, and more expensive heat 
exchangers than the current single walled systems. 
2.7.2.3. Absorption in Intermediate Gas Loop 
Another possible tritium removal mechanism is based on using a special salt in the intermediate 
coolant loop to trap tritium. The MSR program partly developed the use of a mixture of sodium 
fluorobate and sodium fluoride salt as a coolant in the secondary heat transfer system to trap 
tritium [61]. The tritium captured can be removed by a purge gas system, which is explained 
below. 
Although technically workable, this system requires that the intermediate loop salt materials 
and decisions are driven by the requirements to remove tritium, and this would most likely 
increase the cost relative to an intermediate loop selected to meet other criteria [62]. 
Furthermore, it is preferable to recover tritium from the primary system, so that the secondary 
system does not receive a radiation dose and the heat exchanger walls do not undergo hydrogen 
embrittlement [2]. 
2.7.2.4. Purge Gas 
The use of purge gas is a relatively old technology for tritium management for both fission and 
fusion applications. The MSRE employed this mitigation strategy. In general, a continuous 
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flowing cover gas is employed over the primary salt in the reactor vessel. The cover gas acts 
as the tritium transport medium to remove the tritium that is formed in the salt and diffuses to 
the gas phase [12]. The amount that diffuses to the salt phase will depend on the chemical form 
of tritium (if it is as TF or HT), the tritium concentration in the salt and the salt-gas interphase 
area [33].  
This tritium removal technology is selected for tritium recovery in some fusion reactors. In that 
case, the efficiency required for tritium recovery is higher than 99 %, which can be achieved 
using extraction columns, as shown in Figure 2.7. In order to improve its efficiency, the 
extraction tower can be combined with tritium permeation barriers.  
 
Figure 2.7. FLiBe-He counter-current extraction tower (Reproduced from [59]). 
Once tritium is in the gas phase, it must be separated from helium. There are different 
techniques to recover tritium from the inert gas; a palladium membrane [63] or a titanium 
sponge [64] are considered as good separators for this aim. 
Unfortunately, in order to effectively remove tritium from the FHR, the salt-inert gas interface 
must have a total transfer area comparable to that of the heat exchanger [65]. Therefore, 
supplemental methods of mitigation are desirable.  
2.7.2.5. Solid Getters 
Gettering is the process of absorbing or adsorbing diluent onto or into a solid material by 
physical or chemical interactions. The solid material is called a getter. The solubility of a 
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diatomic gas in a metal is given by Sieverts’ constant. For the specific case of FHR reactors, 
this tritium removal process is based on the principle that the Sieverts’ constant of tritium in 
the getter is larger than that in FLiBe [66, 67]. Sieverts’ constant  
The binding energy of the constituents (tritium) / getter interaction must be strong enough that 
the constituent is not released back after capture, and the getter material must retain the 
constituent until the physical or chemical conditions are changed [68].  
Gettering is a dynamic process and all getters have a storage limit beyond which they cannot 
capture more material. The rate of capture depends upon different factors, such as the 
concentration of the target constituent in the molten salt, the available surface area, the 
chemical kinetics of the capture reaction or the amount of constituent already captured [28]. 
The gettering materials can be classified into two groups: metallic getters and carbon-based 
getters. 
2.7.2.5.1. Metallic Getters 
In case of hydrogen species, getters are usually metals that can dissolve hydrogen and form 
metal-hydrogen phases. The formation of hydrides is a very strong interaction, and therefore, 
it is preferred over hydrogen dissolution for hydrogen gettering applications. The hydride 
formation reaction is shown below. 
M +
x
2
H2
←
→ MHx 
According to Zaluska et al.[69, 70], hydrogen is first adsorbed on the surface of the material, 
where it is decomposed into atomic hydrogen. The atomic hydrogen is absorbed by the material 
and then it chemically binds with the substrate to produce a stable metal hydride compound. 
The hydride formation is an exothermic reaction, and therefore the release of hydrogen from a 
getter requires heat input, and temperatures above the gettering temperature range are needed 
to release captured hydrogen. 
There are several metals that can be used as hydrogen or tritium getters at the operating 
conditions of FHR reactors. Penzhorn et al. [71] listed some metals along with their hydrogen 
storage capacities at different temperatures.  
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Metallic getters are also considered in fusion reactors for tritium capture. Yttrium has been 
proved capable of recovering tritium formed in liquid lithium even at tritium concentration as 
low as 1 wppm [72, 73]. However, there is a limitation when it comes to selecting a metallic 
getter for FHRs: the metal must be thermodynamically stable in FLiBe and must have a free 
energy of formation higher than HF. This constraint sets Pd, Mo, W and Ni as the only metallic 
getter options [62]. These four possible metallic getters have high neutron-section, and thus 
they cannot be employed in the reactor core region as it would negatively impact the reactivity. 
However, metallic getters could be used in the intermediate salt loop to capture the tritium that 
permeates the heat exchanger. 
2.7.2.5.2. Carbon-based Getters 
Another possible material to be used as a getter is graphite. According to Briggs [8], around 
20 % of all the tritium produced in a Molten Salt Reactor is adsorbed by the graphite in the 
core.  
The use of pebble beds as a fuel in FHRs creates the possibility of using those fuel pebbles as 
tritium sinks [62]. In that case, when the coolant FLiBe and the fuel pebbles get in contact in 
the reactor core, the tritium that is dissolved in FLiBe will be adsorbed into the graphite matrix 
of the fuel. 
The adsorption of a gas in a solid is temperature dependant, with higher adsorption at lower 
temperatures. Hence, once the fuel pebbles are removed from the reactor core at 700 ºC, it 
might be possible to heat them to a temperature between 800 and 900 ºC to drive off the tritium 
that is adsorbed [62].  
Due to the large amount of fuel pebbles in the reactor core, the surface area of the fuel pebbles 
will be large, and the tritium concentration in the coolant salt will be low (less than 1 g will be 
generated per day). Thus, even a small adsorption of tritium could remove a large fraction of 
tritium in the salt, and loading much less than 0.01 wt % on the fuel pebbles could be viable. 
The use of the fuel pebbles for tritium capture presents a cheap and uncomplicated trit ium 
removal technology compared to some of the technologies explained above. Nevertheless, 
experimental data is needed to determine if it is a workable tritium removal technology.  
Alternatively, other carbon based materials that are capable of adsorbing tritium at high 
temperatures can also be considered to remove tritium from the primary system. Different 
Background 
 
56 
carbon forms have been investigated for hydrogen storage at low temperature, such as activated 
carbon, but there are limited studies for high temperature applications. 
If an adequate carbon form is found for this application, it would be possible to add 
nanoparticles of this carbon form circulating in the coolant to adsorb tritium [62]. The 
nanoparticles could then be filtered out and removed from the reactor core. 
The use of carbon nanoparticles would provide a significant surface area, and it would result 
in carbon having the same temperature as the salt, lower than the fuel pebbles, and thus 
thermally more favourable to tritium adsorption. 
The Mk PB-FHR design considers the use of carbon material to remove most of the tritium 
produced in the reactor. Part of it would be removed using the graphite matrix on the fuel 
pebble, and some more using additional carbon materials [4]. Moreover, to further increase 
tritium capture the coolant flows through a carbon-particle bed before it enters the heat 
exchanger tubes in a replaceable, annular cartridge shown in Figure 2.8.  
 
Figure 2.8. Schematic figure of hot-salt manifold pipe showing inspection and maintenance 
flange and annular tritium and particulate filter cartridge (Reproduced from [4]). 
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Each manifold pipe in the Coiled Tube Air Heaters (CTAH) includes an access flange at the 
top. The access flange also allows the removal of the annular carbon filter cartridge used to 
trap tritium. The location of a filter cartridge inside the manifold allows the use of relatively 
small particles with large surface area to enhance tritium removal. It provides an additional 
carbon surface area of 2,300 m2. This reduces tritium transport to the power system fluid 
through the CTAH. However, a permeation reduction factor of 100 is required in the tritium 
permeation barriers in order to achieve acceptable emissions [4]. 
2.8. Hydrogen and Tritium Retention in Graphite 
Much research has focused on hydrogen storage capacity of graphite or other carbon-based 
materials at low temperature. However, limited research has been on the hydrogen adsorption 
capability on graphite at high temperatures, and they have mainly been related to the use of 
graphite as a first wall material for fusion reactors [9-11, 74-80]. 
Future fusion devices will use graphite as the first wall material due to its high thermal 
conductivity, and high thermal shock resistivity. The fuel for the fusion reactor will be tritium 
and deuterium. At the operating conditions of the fusion reactor, graphite will retain a large 
amount of tritium, which is radioactive and expensive. Therefore, it is essential that there is an 
understanding of the tritium retention characteristics in graphite and its recoverability.  
Graphite is a material that is made primary of coke and tar. Multiple production steps are 
needed to produce graphite for nuclear uses. Depending on the required properties for the 
graphite, some of the steps of the graphite production change, resulting in graphite types with 
different properties, called graphite grades. 
The graphite grades that are mostly considered for fusion reactors are ISO-880, IG-110 and 
IG- 430. On the other hand, the graphite grades mainly considered for FHRs are AXF-5G and 
IG-110, it should be highlighted that the graphite AXF-5G (from POCO Graphite) was used in 
all experimental studies related to the PB-FHR design. Table 2.7 shows the physical properties 
of the mentioned graphite grades.  
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Table 2.7. Physical properties of different graphite grades [81, 82]. 
Graphite Density (g·cm-3) 
Tensile Strength 
(MPa) 
Thermal Conductivity 
(W·m-1·K-1) 
AXF-5G 1.78 62 95 
IG-110 1.77 25 120 
IG-430 1.82 37 140 
ISO-880 1.90 69 70 
Hydrogen adsorption capacities vary significantly between different graphite grades. Figure 
2.9 depicts hydrogen solubility in different graphite grades at 1000 ºC and atmospheric 
hydrogen pressure. The hydrogen solubility varies significantly with the graphite type. In fact, 
the difference in hydrogen solubility between the highest and the lowest graphite grades 
amounts to a factor of 16 [81]. 
 
Figure 2.9. Hydrogen solubility in different graphite and carbon and carbon composites at 
1000 oC and under hydrogen pressure of 101 kPa (Reproduced from [75]). 
Furthermore, carbon and graphite materials with damaged structure, such as ion or neutron-
irradiated samples, are proved to retain significantly more hydrogen than the original material. 
Atsumi et al. [75] studied hydrogen retention for some graphite grades at different temperatures 
for an equilibrium pressure of ~ 10 kPa. Additionally, the graphite samples were irradiated with 
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neutrons, and their hydrogen retention capabilities were compared. As an example, some of the 
results obtained are shown in Figure 2.10. 
The results illustrated in Figure 2.10 indicate that neutron-irradiation in graphite increases 
hydrogen adsorption capacity by 20 – 50 times [11]. Adsorption kinetics was also studied, 
concluding that the adsorption rate of the irradiated samples decreases to one seventh compared 
to the unirradiated samples. 
 
Figure 2.10. Temperature dependence of hydrogen retention in graphite before and after 
neutron irradiation (irradiation fluence: 3.9·1023 n·m-2 (0.047 dpa), equilibrium pressure: ~10 
kPa) (Reproduced from [11]). 
In addition, few studies have been done related to the recoverability of the tritium adsorbed in 
the graphite walls [11, 78]. For this aim, different graphite materials were first saturated with 
hydrogen, and subsequently they were heated to different temperatures and the amount of 
hydrogen desorbed was measured, as well as the desorption kinetics. 
A model was proposed on hydrogen trapping and transport mechanisms in graphite [77]. A 
schematic illustration of the model is given in Figure 2.11. According to it, two kinds of 
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hydrogen trapping sites exist: interstitial cluster loop edge sites (Trap 1), and carbon dangling 
bonds at edge surfaces of crystallites (Trap 2). For unirradiated graphite samples the trap 2 is 
predominant, with an abundance ratio above 80 % [79]. 
 
Figure 2.11. Schematic illustration of hydrogen trapping sites and hydrogen transport in 
graphite; Path 1: Bulk permeation through open pores; Path 2: Intragranular diffusion along 
graphite crystallites; Path 3: Intercalate diffusion between graphite lamella (Reproduced 
from [79]). 
2.9. Experimental Equipment to Measure Hydrogen Adsorption 
Hydrogen adsorption on carbon materials, such as activated carbons, has been extensively 
studied [79, 85-87]. The hydrogen adsorption capacity on these materials is commonly 
measured following a volumetric or a gravimetric method. These techniques are used in order 
to obtain adsorption isotherms, which are plots of hydrogen uptake for different hydrogen 
pressure for a fixed temperature [88].  
The gravimetric method is based on measuring the increase on mass during the adsorption 
process. A schematic diagram of a common gravimetric hydrogen adsorption apparatus is 
shown in Figure 2.12. The samples to be analysed are normally degassed at a high temperature 
for few hours to remove any gas adsorbed on the sample. In order to measure the hydrogen 
adsorption capacity of the samples, the system is pressurized with hydrogen to the desired 
pressure and when the thermodynamic equilibrium is reached the amount of hydrogen adsorbed 
is calculated by measuring weight changes in the sample [89].  
The gravimetric method allows direct measurement of the amount adsorbed and it is considered 
a well-established and accurate technique [90]. However, as the pressure before and after the 
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measurement are not equal, the masses provided by the balance would have to be corrected by 
the buoyancy effect on the system.  
 
Figure 2.12. Schematic diagram of a gravimetric hydrogen adsorption apparatus 
(Reproduced from [91]). 
On the other hand, the volumetric method is based on calculating the amount of hydrogen 
adsorbed using the ideal gas law by comparing the change in pressure during the adsorption 
process. Figure 2.13 shows a schematic representation of a volumetric hydrogen adsorption 
apparatus. The system contains two reservoirs of known volume connected through a valve. 
First, the sample is loaded into the adsorption cell, then the reference cell is filled with hydrogen 
up to a predetermined pressure. After, the valve between the two cells is opened and the gas is 
left to equilibrate between the reference and adsorption cells [90]. The amount of hydrogen 
adsorbed is calculated using the known cell volumes and the initial and equilibrium pressures. 
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The volumetric method is the most commonly used technique to measure hydrogen adsorption 
on carbon materials [92]. For instance, the hydrogen and tritium adsorption capacities on 
graphite shown in section 2.8 were obtained using a volumetric method [9, 11, 74-76, 89]. The 
main source of error of this technique comes from the determination of the reference and 
adsorption cell volumes.  
 
Figure 2.13. Schematic diagram of the volumetric hydrogen adsorption apparatus 
(Reproduced from [79]). 
The adsorption of hydrogen isotopes on carbon materials immersed in molten salts has never 
been studied. The most similar system to that found in the literature is the adsorption of tritium 
or hydrogen in yttrium immersed in molten lithium [72, 73, 93, 94]. This research was perform 
to examine the capability of yttrium as a getter to recover tritium from a liquid lithium tritium 
breeding blanket in a fusion reactor. In that case the experiments had to be performed at a 
minimum temperature of 200 ºC, as the melting temperature of lithium is 180 ºC. 
A schematic representation of the system used for these studies is shown in Figure 2.14. The 
system consists on a stainless steel vessel that contains a molybdenum crucible in which the 
lithium and yttrium samples are added. The reaction vessel includes a stirrer in order to enhance 
the solubility of tritium or hydrogen gas in the molten lithium. The heating is provided using 
an electrical heater. Hatachi et al. [95] measured the amount hydrogen adsorbed on yttrium by 
continuously supplying a hydrogen flow to the apparatus shown in Figure 2.14, and by 
measuring the different between the inlet and outlet concentrations by a gas chromatography.  
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Figure 2.14. A schematic diagram of the experiment apparatus used to study hydrogen 
absorption in liquid lithium and yttrium [94]. 
2.10 Conclusions 
The FHR is a new nuclear reactor concept characterized by the use of molten salt as a coolant 
that allows operation at high temperature (~ 700 ºC) and near atmospheric pressure. These 
operating conditions make this reactor type safer and more efficient than the current water 
cooled reactors. However, this reactor concept has some unresolved issues; one of them being 
the formation of tritium in the coolant salt. If tritium is not removed from the reactor, it will 
permeate the structural materials and find its way out to the environment.  
Different tritium removal systems have been proposed. However, most of them would require 
some reactor design decisions to be driven by the requirements to remove tritium, which would 
increase the cost, or otherwise it would require large device.  
Graphite has been proved to have the ability to adsorb tritium at high temperatures, and thus, 
it can be considered a cheap and uncomplicated tritium removal technology. However, tritum 
adsorption on graphite or other carbon materials at high temperature and immersed in molten 
salts have never been studied. Therefore, experimental data are required in order to assess 
whether it would be feasible to remove tritium from FHR by adsorbing it on graphite or other 
carbon materials. 
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Chapter 3. Design, Commissioning and 
Operating Procedure of the Experimental 
System 
 
The present chapter is dedicated to describe the design, construction and commissioning of the 
High Temperature Hydrogen Adsorption System (HTHAS), along with the procedure followed 
to perform the experiments. A detailed description including process flow diagrams, design 
considerations, rationales behind the choice of materials and instruments selected and measures 
to ensure safe operation are discussed throughout the chapter. 
3.1. Design considerations 
The main challenge when designing the experimental system was to find the right strategy that 
enables high temperature operation with the molten salt, but also provides a simple method of 
removing the salt when it cools downs and solidifies.  
Hydrogen or tritium adsorption on carbon materials immersed in molten salt has never been 
studied before, and therefore, there is no information in the literature regarding the right 
experimental systems for such aim. However, different researchers [94, 96, 97] have performed 
experiments with molten salts at high temperatures. In those cases, the experimental systems 
consist on a stainless steel vessel that is heated using an external heating element. The molten 
salt is placed in a crucible inside the vessel, mainly for two reasons: to avoid corrosion of the 
stainless steel vessel, and to facilitate the removal of the salt once the system cools down and 
the salt solidifies. 
The molten salt chosen for this project is FLiNaK, the eutectic mixture of LiF-NaF-KF. This 
is a corrosive compound, and therefore the material of the crucible should be carefully chosen. 
As explained in section 2.3, nickel fluoride is the least stable among the fluoride salts [94], 
therefore, nickel was chosen as the material of the crucible. In addition, corrosion tests 
performed in University of Wisconsin (UW) have demonstrated the high resistance to corrosion 
of pure nickel exposed to FLiNaK salt at 850 ºC [2]. It was decided to perform the hydrogen 
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adsorption measurement in batch mode recording the pressure of the hydrogen gas at the 
beginning and at the end of the experiment.  
3.2. Design of the experimental system 
3.2.1. Description of the experimental system 
The layout of the HTHAS is shown in Figure 3.1. The gases used for this project were argon 
and hydrogen. Both gases were connected to the same stream using a tee connection, followed 
by a ball valve (V-1) that directed the gases to a sample cylinder. The pressure and temperature 
in the sample cylinder were measured using a digital pressure gauge and a thermocouple, 
respectively.  
 
Figure 3.1. Layout of the High Temperature Hydrogen Adsorption System. 
The gas of the sample cylinder could be directed to either the stainless steel vessel using a 
needle valve (V-2), or to the extraction system using a ball valve (V-3). Under normal operating 
conditions the gas flowed through the vessel. Downstream from the vessel, the system included 
another needle valve (V-4) that enabled a continuous flow of gas through the reactor, or allowed 
the vessel to be pressurized. After V-4 there was a three way valve (V-5) that directed the flow 
to either the extraction system, or a vacuum pump. 
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The vessel had two thermocouples; one in the wall, and another one inside the vessel. The first 
one is a K-Type stainless steel thermocouple, and the material of the second one is Inconel 600, 
as it was in contact with the molten salt and the material was more resistant to corrosion than 
stainless steel. Both thermocouples were provided by TC Direct.  
There was a pressure transducer to monitor the pressure of the vessel continuously. The system 
also included a pressure relief valve, in order to avoid pressure build up in the vessel. 
The designed system allowed batch and continuous operations. Although all the experiments 
in this project were done in batch mode, it would be possible to perform experiments in 
continuous operation by adding a hydrogen analyser in the stream connected to the extraction. 
This would allow continuous monitoring of the hydrogen concentration in the vessel. In 
addition, the hydrogen cylinder was connected to a shut off valve that enabled the hydrogen 
flow to be switched off from outside the laboratory in case of emergency. 
3.2.2. Dimensions of the vessel 
The vessel was made out of stainless steel, and consisted of two parts: the main body and the 
lid. Figure 3.2 shows an image of the vessel drawn using the Solid Edge software. The vessel 
had an inner diameter of 65 mm and a height of 55 mm, which gave a volume of 182 mL. 
However, a further volume was related to the tubing located between the two needle valves   
V-2 and V-4, which gave a total volume of 210 mL. With the aim of ensuring safe operation, 
and trying to minimize hydrogen permeation through the steel, the lid and walls of the vessel 
were chosen to be 25 mm thick. The estimated hydrogen permeation rate through the reactor 
walls are shown in Chapter 4. 
The main body and the lid of the vessel were connected using eight M10 bolts and a copper 
gasket, with the aim of ensuring that the vessel was well sealed. The gasket had an inner 
diameter of 72 mm, an outer diameter of 82.4 mm, a thickness of 2 mm, and it was provided 
by FTI. Each gasket was only used once and it was disposed after usage, as it deformed after 
operation at high temperature. Before closing the reactor the gasket was covered with a silver 
goop thread lubricant provided by Swagelok, in order to avoid it to get stuck into the reactor 
when it cooled down. 
A nickel crucible was used to add the salt into the vessel. The one selected was a 100 mL 
straight-wall crucible, whose dimensions are as follows: 45 mm height, 59 mm diameter, and 
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1 mm thickness. This allowed a 3 mm gap between the crucible and the vessel wall, and a 
10 mm gap between the crucible and the lid. 
 
Figure 3.2. A representation of the stainless steel vessel.  
There were three holes in the lid of the vessel. One of them was for the thermocouple, and the 
other two were for the inlet and outlet gas connections. The fittings used were 1/8 in. Male ISO 
Parallel Threads connected to a 1/16 in. bored-through male connector for the thermocouple, 
and a 1/8 in. tube fitting male connector for the gases. These connections required the use of a 
1/8 in. copper gasket in the thread union. All the fittings were provided by Swagelok, and a 
complete list of the parts used in the HTHAS is shown in Appendix A.1. 
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The lid of the vessel was connected to four aluminium tubes that were 22 cm long, and were 
connected at the top through a ring mount. This sited into a moving mechanism that moved the 
vessel up and down, to insert it or remove it from the furnace. A picture of the assembled 
HTHAS is shown in Figure 3.3. 
 
Figure 3.3. A picture of the High Temperature Hydrogen Adsorption System. 
3.2.3. Gas feeding section 
As mentioned above, a sample cylinder was placed before the vessel in order to estimate the 
amount of gas that was fed into the system for each experiment. Figure 3.4 shows a layout of 
the gas feeding section.  
This section included a double-ended 150 mL stainless steel sample cylinder, two 1/8 in. ball 
valves (V-1 and V-3), and one 1/8 in. needle valve (V-2). In addition, it included a 
thermocouple and a pressure gauge. 
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Figure 3.4. Layout of the gas feeding section. 
By noting the pressure change before and after feeding the gas into the vessel, and assuming 
the gas behaves ideally (assumption further explained in Appendix A.2), it was possible to 
estimate the hydrogen moles added into the system by using Equation 3.1. 
                                                              n0 =
∆P∙R∙TSC
VSC
 (3.1) 
where no refers to the hydrogen moles added into the system, ΔP to the pressure change in the 
gas feeding section, R is the ideal gas constant and TSC and VSC are the temperature and volume 
of the sample vessel, respectively. The volume term in Equation 3.1 (VSC) is 155 mL, as it 
includes the volume of the sample cylinder and the volume of the tubing (1/8 in. outer 
diameter). 
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3.2.4. Pressure measurement section 
The pressure of the vessel was measured in the outlet stream, upstream from the needle valve 
that closes the pressure measurement section (shown in Figure 3.5). The pressure transducer 
selected has a very high accuracy (±0.05 %), and it was provided by Omega (PX01CO-100AI). 
This was a very important decision when designing the experimental system, as the adsorption 
data were obtained by monitoring the pressure of the system. Therefore, the pressure 
measurement had to be as accurate as possible, to be able to detect relatively small variations 
in pressure. 
 
Figure 3.5. Layout of the pressure measurement section. 
A pressure relief valve was placed before the pressure transducer to avoid pressure exciding 
the maximum limit of the transducer and damaging it, making pressure readings unreliable.  
3.2.5. Heating source 
The reactor was heated using a tubular furnace, provided by Carbolite, which uses free 
radiating wire elements embedded within insulation of the furnace body. It could operate at a 
maximum temperature of 1200 oC. The inner diameter of the furnace was 17 cm; however, a 
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ceramic tube was inserted between the vessel and the furnace wall to avoid direct contact 
between the stainless steel and the heating elements of the furnace. This ceramic tube had an 
inner diameter of 13 cm, it is 37.5 cm long, 0.5 cm thick, and it was provided by Multi-Lab. 
The length of the heated section of the furnace was 30 cm, and the stainless steel vessel was 
located in the middle of the furnace, to avoid temperature gradients. Once the vessel was in the 
position to be heated, superwool fibre insulation was placed above it to minimize the heat loses 
to the environment. 
The temperature of the furnace was set by a control box that was a separate unit to the furnace. 
The controller allowed a single ramp to set-point, and a process timer to program the furnace 
in advance. The furnace included an over-temperature protection controller. This shuts down 
the furnace if its temperature goes over the limit stated, which can be easily adjusted in the 
control panel.  
3.2.6. Safety cabinet and moving mechanism 
In order to ensure safe operation, the experimental system was mounted inside a safety cabinet 
made out of aluminium. The dimensions of the safety cabinet are shown in Figure 3.6, along 
with the top view of the experimental system inside the safety cabinet. The cabinet was 
composed of two sections: the top section, which included two doors with vision panels to 
enable visual control of the experimental system, and the bottom section, which consisted of a 
shelf made out of aluminium. 
All the components of the HTHAS shown in Figure 3.1 were located in the top section of the 
cabinet, except the control box of the furnace, the vacuum pump and the temperature and 
pressure display box, which were placed in the bottom section. The cabinet includes an air 
extraction in the top section provided by a Vent Axia ACM100 in-line mixed flow fan with 
extraction capacity of 220 m3∙h-1. 
A mechanism to lift or insert the vessel into the furnace was commissioned. This moving 
mechanism consisted of two guide columns made out of 1 in. stainless steel tube to which a 
5 cm x 5 cm square aluminium section (55 cm long) was attached by means of four nylon 66 
holding structures. The nylon 66 modified with MoS2 provides low friction and self-lubrication 
to the system, which allowed it to move up and down the columns without friction. The frame 
included a support also made out of aluminium, where the vessel sited by means of the mount 
ring connected to the lid of the vessel (shown in Figure 3.2). The aluminium square frame was 
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attached to a lead screw, which rotates by means of a Parvalux 150 W motor. The lead screw 
allowed the frame to move vertically, which enabled the vessel to be located inside or outside 
the furnace. The motor was connected to a level and a door switch, which stops the motor when 
the frame reaches the maximum or minimum allowed height or the cabinet doors are not 
completely closed to ensure safe operation.  
 
Figure 3.6. Front view of the safety cabinet and top view of the experimental system in the 
cabinet. 
The front view of the experimental system inside the safety cabinet is depicted in Figure 3.7. 
This shows the configurations when the vessel is inside and outside the furnace. The inlet and 
outlet connections of the vessel were linked to two 1/8 in. tubes. The inlet comes from the gas 
feeding section shown in Figure 3.4, which was located at the left wall of the safety cabinet. 
As this section was fixed, whereas the vessel moves vertically, the two ends of the tubing were 
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fixed using plastic clamps that supported the tube. One clamp was located on the left wall of 
the cabinet, and the other was placed on the aluminium frame. The tubing formed a coil 
between the two points, which allowed the movement of the vessel without causing any damage 
to the structure or tubing. Likewise, the outlet stream was first fixed on the aluminium frame 
and then on the right wall of the cabinet. The connections that followed this tube are depicted 
in Figure 3.5. All of them were fixed by custom made aluminium supports that were screwed 
to the wall of the safety cabinet. 
 
Figure 3.7. Front view of the experimental system inside the safety cabinet when the vessel 
is inside and outside de furnace. 
3.2.7. Display box and data logger 
The pressure and temperature readings were displayed in a custom made display box, which 
included one display for the pressure, and two others for the temperatures. This box was 
designed to continuously monitor the pressure and temperatures of the vessel (both the inner 
and the wall temperatures). However, by changing the thermocouple connections, as the 
temperature display box used only had two temperature display screens, it was also possible to 
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display the temperature of the gas feeding section (shown in Figure 3.4). The display box was 
connected to a computer, and the PicoLog software was used to log the data. Under normal 
conditions, the temperature and pressure readings were logged every second.  
3.3. Operating conditions 
The HTHAS was used in experiments to determine the hydrogen solubility and adsorption 
capacity in a molten salt and on different carbon materials, respectively. The effect of different 
operating conditions on the measurements was studied.  
3.3.1. Operating temperatures 
The operating temperatures selected for this project range from 500 to 700 ºC. The first one 
was selected in order to ensure that the salt was melted, as the melting temperature of the 
selected fluoride salt is 454 ºC, this is further explained in Section 3.3.3. 700 ºC was selected 
as the maximum because that is the maximum operating temperature of the FHR, and in 
addition, due to the material selection made for the HTHAS, operation at higher temperatures 
was not advised. Although normal operating conditions in this project vary between 500 to 
700 ºC, the standard operating temperature was considered to be 600 ºC. The vessel was heated 
using a furnace, and the temperature was controlled by adjusting the set point of the furnace. 
For the operating temperature, a difference of 25 ºC was determined between the furnace and 
the vessel temperatures. During the heating up process, however, the furnace was first set at a 
higher temperature, and this was then decreased to the required temperature. This was done in 
order to reduce the time needed to reach the operating temperature, as otherwise more than two 
hours were needed. 
Figure 3.8 shows the standard heating profile for an operating temperature of 600 ºC. The 
heating rate of the furnace was set at 40 ºC·min-1, and the initial set point selected was 800 ºC. 
When the temperature of the vessel reached 520 ºC, the set point of the furnace was manually 
decreased to 625 ºC. By following this procedure, the system required approximately one and 
a half hours to reach the desired temperature. 
During the heating up process, the vessel wall temperature was higher than that one inside. 
However, when the operating temperature was reached, both vessel and wall temperatures were 
very similar. A maximum temperature fluctuation of ± 3 oC was allowed during operation. 
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Figure 3.8. Standard heating profile for an operating temperature of 600 ºC showing furnace 
sat point and vessel and wall temperatures. 
3.3.2. Operating pressures 
The standard initial pressure selected for this project was 5.5 bar. Considering that the FHR 
would operate at near atmospheric pressure, this condition was selected in order to allow a high 
enough concentration gradient to measure hydrogen dissolution and adsorption, while not 
excessively deviating from the FHR nearly atmospheric pressure operation. For both argon and 
hydrogen the regulators used were 0 – 10 bar single stage regulators provided by BOC. This 
allowed a maximum initial working pressure of 11.5 bar. 
3.3.3. Selection of the molten salt 
The best salt that could be used in order to accomplish the scope of the project is FLiBe, which 
is the eutectic mixture of LiF and BeF2. However, beryllium makes FLiBe a very toxic 
compound, and therefore, experiments with this salt were not considered. Instead, FLiNaK, the 
eutectic mixture of LiF-NaF-KF, was used. It is the leading coolant candidate for the secondary 
and DRACS loops. Moreover, FLiNaK has very similar characteristics to FLiBe with respect 
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to hydrogen transport, chemical reaction and thermofluid properties (shown in Table 2.2), and 
the hydrogen solubility in both FLiNaK and FLiBe has already been studied [42, 96]. 
FLiNaK salt has a melting temperature of 454 ºC, and its density in liquid state is given by 
Equation 3.2 [41]. 
                                 ρFLiNaK = 2.530 − 0.00073 ∙ T( C
0 )[g ∙ cm−3] (3.2)  
The mass of salt used for each experiment was 50 g (14.5 g LiF, 6 g NaF and 29.5 g KF), which 
occupies 24 mL for an experiment at 600 ºC. Although this was smaller than the volume of the 
nickel crucible (100 mL), which was the maximum amount of salt that could be used for each 
experiment, the volume of the salt as a powder at room temperature was nearly 100 mL. Less 
salt was not used for two main reasons: The error in the measurement of the hydrogen 
dissolution in the salt would be larger, and the salt layer might not be thick enough to cover the 
carbon materials. 
Initially, three other salt mixtures were also selected: 
- KCl-MgCl2: It is the most studied mixture of chloride salts, and it has been considered as a 
secondary coolant. 
- KF-ZrF4: It is a very important coolant salt candidate for the DRACS loop. In addition, INL 
has planned to determine hydrogen solubility in the salt [98]. 
- LiF-ZrF4: It is the alternative candidate to FLiBe as the primary coolant salt if beryllium 
toxicity becomes a real problem. 
Some experiments were performed using these three salts. However, it was not possible to 
obtain any conclusive results. This was due to blockages formed in the tubes during the heating 
up process or the experiments. These blockages may have been formed because the vapour 
pressure of these salt mixtures is higher than that of FLiNaK at the selected operating 
conditions [5].  
3.4. Experimental Procedure 
The general operating procedure of the HTHAS, regardless of the type of experiment 
performed, is schematically explained in Figure 3.9. First of all, the vessel and the tubing were 
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cleaned with a acetone to remove any carbon and salt remainings. Afterwards, the sample to 
be used in the experiment was prepared. Depending on the type of experiment carried out, the 
sample included a nickel crucible, salt, carbon, a combination of these three elements, or none 
of them (for a blank experiment).  
 
Figure 3.9. HTHAS operating procedure flow chart. 
Once the sample was prepared, it was inserted in the vessel, and it was sealed using the copper 
gasket and 8 bolts. These were tightened by placing the vessel in a vice and using a ratchet 
handle. The vessel was then placed in the support that was located in the aluminium frame that 
moved with the motor. The inlet and outlet gas connections of the vessel needed to be attached 
to the tubes connected to the gas feeding and the pressure measuring sections. 
Cleaning process
Ni crucible
Pressurize with Ar
Vessel loading
Check leaks
System assembly
Carbon material
Insert vessel in furnace
Salt
Depressurize system
Yes
No
Depressurize & remove 
from furnace
Pressurize vessel with H2
Apply vacuum
Pressurize sample 
cylinder with H2
Start data logger
Follow heating up 
procedure
Turn on furnace
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The system was then pressurized with argon in order to check if there were any leaks. The 
pressure used for the leak test should be at least as high as that to be used during the adsorption 
experiments. After ensuring that the system was leak free, the vessel was purged with argon to 
ensure that the system was free of impurities. Moreover, Kondo et al. [98] reported that in the 
process of heating up and FLiNaK melting moisture was absorbed in the salt, causing corrosion 
of the materials. Therefore, FLiNaK was purified by flowing argon through the system.  
Afterwards, the vessel was inserted into the furnace and insulated with superwool, and the 
furnace was heated up following the procedure explained in Section 3.3.1. Once the system 
was at the desired temperature, the outlet stream of the vessel was connected to the vacuum 
pump, and vacuum was applied to the system, until the pressure reading was roughly 0.1 bar 
(the lowest pressure that could be reached using the mentioned vacuum pump).  
Subsequently, the gas feeding section was pressurized with hydrogen up to the required 
pressure. The pressure needed in the gas feeding section changed for different experiments, as 
it was a function of the volume occupied by the gas in the vessel, and the operating temperature. 
This is further explained in Section 3.4.1. 
The vessel was pressurized with hydrogen by opening the needle valve that connects the gas 
feeding section and the vessel (V-2 in Figure 3.1) for approximately two seconds. The data 
logger should be set to start logging the pressure measurements before the system was 
pressurized. The amount of hydrogen dissolved in the salt or adsorbed on the carbon materials 
was calculated by measuring the change in pressure. As the system was assumed to follow the 
ideal gas law, the change in hydrogen moles in the gas phase was calculated using Equation 3.3. 
The initial amount of hydrogen moles in the gas phase (no) could be estimated using 
Equation 3.1. 
                                                                    ∆n =
∆P
P0
∙ n0 (3.3) 
For each experiment the vessel was pressurized for roughly 4 hours, after which the system 
was believed to have reached equilibrium. At that point the data logger was stopped, the furnace 
was switched off, the vessel was removed from the furnace using the lifting mechanism, and it 
was left overnight to cool down. Once it was at room temperature, the vessel was depressurized 
and opened, and the salt and carbon materials (if used) were removed from the crucible. The 
carbon was stored in order to characterize it after the experiment, and the salt was disposed.  
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3.4.1. Calculation of the feeding pressure 
In order to obtain the required pressure in the vessel the sample cylinder should be at a certain 
pressure. In order to calculate the pressure required in the sample cylinder, the operating 
temperature, the volume occupied by the sample and the desired pressure of the vessel should 
be known.  
For that, it has to be considered that part volume of the sample where the pressure was measured 
was at the operating temperature (the stainless steel vessel), and another one was at a lower 
temperature (tubing and connections). Taking this into account, the amount of hydrogen moles 
added into the system (Δn) during the pressurization process could be calculated using 
Equation 3.4.  
                                                     ∆n =
Pvessel
R
(
VLT
TLT
+
VHT
THT
) (3.4) 
Where Pvessel refers to the pressure of the vessel, V and T are the volume and pressure, and LT 
and HT subscripts stand for low and high temperatures, respectively. The low temperature 
would be that measured by the thermocouple in Figure 3.4, and the high temperature would be 
the operating temperature, measured by the thermocouple located in the vessel. Considering 
that the total volume is 210 mL, 184 mL were considered to be at the operating temperature, 
and 22 mL at room temperature. Therefore, the volume at low temperature (VLT) was 22 mL, 
and that at high temperature (VHT) was 184 mL minus the volume of the salt and the carbon 
material (if added). 
On the other hand, the change in moles in the sample cylinder could be calculated using 
Equation 3.5, where PSC and VSC stands for pressure and volume of the sample cylinder. PSC 
refers to the pressure of the sample cylinder before the hydrogen addition. Once the gas is fed 
into the vessel the pressure of sample cylinder is the same as that of the vessel. 
                                                       ∆n =
(PSC−Pvessel)∙VSC
R∙TLT
 (3.5) 
Taken this into account, Equation 3.6 was developed to calculate the pressure required in the 
sample cylinder to reach the desired pressure in the vessel. This equation was developed by 
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assuming that after feeding the hydrogen the mole change in the sample cylinder and the vessel 
would be the same.  
                                     PSC =
Pvessel∙TLT
VSC
(
VLT
TLT
+
VHT
THT
) + Pvessel (3.6) 
3.5. Experimental Error Estimation 
The main issue related to the HTHAS is the repeatability of the results. With aim of minimizing 
the experimental error, each experiment was performed three times, and the average pressure 
drop obtained from the three experiments was considered for further calculations. In the case 
when one pressure drop obtained was very different to the other two, it was discarded, and 
another experiment was performed under the same operating conditions. 
 
Figure 3.10. Pressure drops obtained for blank experiments at 600 ºC, and the average 
pressure drop considered. 
Blank experiments have been used in order to display the procedure followed to estimate 
experimental errors. Figure 3.10 shows the evolution of pressure drops for three blank 
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experiments performed at 600 ºC, and the average pressure drop calculated for those 
conditions.  
Pressure drops obtained after 250 minutes were considered for the error analysis. From this 
data the standard deviation and the standard error were calculated using Equations 3.7 and 3.8, 
where Xi is the i-th measure of the pressure drop, M is the sample mean and N the number of 
samples. 
                                      Standard Deviation (SD),   𝐒𝐃 = √
∑(𝐗𝐢−𝐌)𝟐
𝐍−𝟏
 (3.7) 
                             Standard Error of the mean (SEM),        𝐒𝐄 = ±
𝐒𝐃
√𝐍
      (3.8) 
Table 3.1 includes the standard error calculated at 600 ºC using the data shown in Figure 3.10, 
as well as the standard errors at 500 and 700 ºC. The same procedure was followed to estimate 
the experimental errors of all the experiments performed. It can be observed in Table 3.1 that 
the standard error increases with the operating temperature. This was thought to be because of 
the larger pressure drops obtained at higher temperatures. The same trend was observed for the 
rest of the experiments. This is further discussed in Section 4.3.1.1. 
Table 3.1. Standard error calculated for pressure 
drops obtained for blank experiments at 500, 600 
and 700 ºC. 
Temperature (oC) Standard Error of the mean (Bar) 
500 ± 0.012 
600 ± 0.037 
700 ± 0.042 
3.6. Analytical Techniques 
Different characterization techniques were used throughout the project. The application of each 
technique is explained below. 
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3.6.1. Nitrogen adsorption 
Textural properties such as surface area and porosity of the carbon materials were evaluated 
through N2 adsorption in a Micromeritrics Tristar analyser. Approximately 200 mg of sample 
were degased at 120 °C under N2 flow prior to performing N2 adsorption tests based on the 
standard method of N2 adsorption at -196 °C. The surface area was calculated using the 
Brunauer, Emmett and Teller (BET) method. Pore size distribution was calculated by the 
Barret, Halenda and Joyner (BHJ) method based on the desorption isotherm. 
3.6.2. Scanning electron microscopy – Energy dispersive X-ray spectroscopy 
The morphology and metal dispersion of some of the carbon materials selected were studied in 
a JEOL JSM 6400 scanning electron microscope (SEM) equipped with an Oxford Instruments 
energy disperse X-ray spectroscopy system (EDX). Carbon samples were placed in a SEM slab 
for imaging, and a gold coating was applied to improve the quality of the image. A qualitative 
elemental analysis of a fraction of the sample was performed through EDX. 
3.6.3. Thermogravimetric analysis 
The carbon materials selected were analysed through thermogravimetric analysis (TGA) to 
study their stability at high temperatures. This was performed in a Perkin Elmer Pyris 1 TGA. 
Samples of roughly 3 mg were loaded into the equipment under N2 atmosphere and left to 
stabilize until weight variations were negligible. The temperature programme described in 
Table 3.2 was followed, and all the analysis was performed under N2 atmosphere. 
Table 3.2. Conditions of the thermogravimetric analysis. 
 TGA Analysis Program 
Oven Initial T (ºC) 50 
Step 1 Hold at 50 ºC for 15 min 
Step 2 Heat from 50 ºC to 900 ºC at 40 ml·min-1 
Step 3 Hold at 900 ºC for 30 min 
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All the carbon materials studied were found to have less than 3 % weight loss by the end of the 
experiment. Therefore, they are considered stable at the selected experimental conditions for 
this project. 
3.6.4. X-ray diffraction 
After performing the experiments at high temperature, the stainless steel vessel was found to 
be covered with a thin layer of a black powder. An X-ray diffraction (XRD) analysis was 
performed to this powder using an X’Pert Pro PANalytical. Diffraction patterns were recorded 
with Cu Kα radiation (40 mA, 45 kV) over a 2theta-range of 5 to 80º and a position-sensitive 
detector using a step size of 0.05º and a step time of 120 s. The powder XRD patterns were 
further processed using the accompanying software in the equipment, X’Pert Highscore Plus.  
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Chapter 4. Hydrogen Adsorption Capacity on 
Activated Carbon and Graphite Immersed in 
FLiNaK at Different Temperatures 
 
In this chapter, the hydrogen solubility in FLiNaK salt as well as the adsorption capacity on a 
selected activated carbon and a natural graphite were studied as a function of temperature. In 
addition, the effect of pressure on the hydrogen solubility in FLiNaK and adsorption on 
activated carbon was also investigated. 
4.1. Introduction  
The use of graphite or other carbon materials is considered to be an option to remove tritium 
from FHRs. Due to the toxicity of FLiBe, the primary coolant salt, FLiNaK was used for the 
experimental work of the present study. Likewise, as tritium is a radioactive compound, the 
adsorption of hydrogen in the carbon materials was measured as it is considered to give a 
relatively good estimation for the tritium case. 
In the present study the solubility of hydrogen in FLiNaK was measured for the range of 
operating temperatures of the FHRs. Moreover, the hydrogen adsorption capacity of selected 
carbon materials immersed in molten FLiNaK was also measured for the same range of 
operating temperatures.  
4.2. Experimental 
Two carbon materials were selected to be used in this chapter: a natural graphite and an 
activated carbon. The activated carbon was Norit A Supra from Acros Organics, and the 
graphite was a universal grade natural graphite powder provided by Alfa Aesar. The textural 
properties of these materials are shown in Table 4.1. The activated carbon has a very large 
surface area and a small average pore diameter, whereas graphite has a low surface area and 
larger average pore diameter. Further characterization of these materials is shown in Chapter 6. 
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Table 4.1.  Textural properties of NORIT A SUPRA activated carbon and universal grade 
natural graphite powder determined by N2 adsorption-desorption. 
Sample SBET (m
2·g-1) 
Total pore 
volume (cm3·g-1) 
Average pore 
diameter (nm) 
Norit A Supra Activated 
Carbon 
1875 0.35 3.3 
Universal grade natural 
graphite powder 
4 0.04 38.9 
Three temperatures were studied in this chapter (500, 600 and 700 ºC), and five different 
experiment types were performed: 
 Blank: It was performed pressurizing the system with hydrogen only. No salt or carbon 
material was used for these experiments. 
 Blank + Ni: It was performed having the nickel crucible in the vessel.  
 50 g FLiNaK: It was carried out adding 50 g of FLiNaK salt added into the nickel crucible. 
 50 g FLiNaK + 2 g AC: It was performed adding 2 g of activated carbon spread on the 
surface of the nickel crucible, and then adding 50 g of FLiNaK salt on top of that. 
 50 g FLiNaK + 6 g graphite: It was carried out adding 6 g of graphite below 50 g of FLiNaK. 
6 g of graphite were used because of the small pressure drop caused by the addition of 
graphite. 
For all experiments containing FLiNaK salt, 50 g of the salts mixtures were used. For this, 
14.5 g of lithium fluoride (Sigma-Aldrich, purity ≥99.0 %), 6 g of sodium fluoride (Sigma-
Aldrich, purity ≥99.0 %) and 29.5 g of potassium fluoride (Sigma-Aldrich, purity ≥99.5 %) 
were mixed and shaked in an Erlenmeyer flask. The mixed salts were then added into the nickel 
crucible. 
Table 4.2 shows a summary of all the experiments performed. Experiments were performed 
using an initial pressure of 5.5 bar at the three temperatures studied. In addition, a series of 
experiments were performed at different initial pressures in order to assess the effect this has 
on the hydrogen solubility in FLiNaK as well as in the adsorption capacity on activated carbon. 
These experiments were performed at 600 ºC, as that was considered the standard operating 
temperature, and initial pressures of 11.5 and 3.5 bars. The first was chosen as it is the highest 
pressure that can be achieved with the current experimental set-up. Three experiments were 
performed at 11.5 bar: Blank + Ni, 50 g FLiNaK, and 50 g FLiNaK + 2 g AC; while the last 
two were also performed at 3.5 bar. 
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Table 4.2. Summary of the experiments performed at each temperature. 
 Temperature (ºC) 
500 600 700 
Po = 5.5 bar 
Po (bar) 
Po = 5.5 bar 
3.5 5.5 11.5 
Blank X        X  X 
Blank + Ni X  X X X 
50 g FLiNaK X X X X X 
50 g FLiNaK + 2 g AC X X X X X 
50 g FLiNaK + 6 g graphite X  X  X 
The experimental time selected for all the experiments performed was 200 minutes, after which 
FLiNaK salt and the carbon materials are saturated with hydrogen. Each experiment was 
repeated three times, and the pressure drops presented in this chapter were obtained using the 
average of all the experiments. 
4.3. Results 
4.3.1. Comparison of pressure drops obtained at different temperatures 
The pressure drops obtained for the five experiments performed at each temperature are shown 
in Figure 4.1. As can be observed, the pressure of the system drops even when only hydrogen 
is fed into the vessel (blank experiment), this behaviour is explained in Section 4.3.1.1.  
When the nickel crucible was added, the pressure drop increased in comparison with the blank 
experiment. This suggests that hydrogen is adsorbed on nickel, which has already been reported 
in the literature [99-101]. According to Carraro et al. [102], nickel adsorbs hydrogen due to the 
spill over effect, which implies the dissociation of the hydrogen molecules into atoms and 
subsequent diffusion of these atoms to the bulk nickel. 
Likewise, the experiment with only FLiNaK showed a bigger pressure drop that the blank 
experiments, which suggests that hydrogen dissolves in FLiNaK. The experiment with FLiNaK 
and either activated carbon or graphite increased further the pressure drop compared to the 
FLiNaK experiment, showing that hydrogen adsorbs on both carbon materials.  
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Figure 4.1. Pressure drops obtained for the experiments performed for an initial pressure of 
5.5 bar at 500, 600 and 700 ºC. 
All experiments displayed different trends in the pressure drops at the beginning of the 
experiment. However, after approximately 120 minutes all the experiments showed a similar 
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slope. This suggests that hydrogen dissolution in FLiNaK and adsorption on the carbon 
materials take place mainly in the first 2 hours. The obtained pressure drop for the blank 
experiment at 700 ºC showed a different trend with time comparing to the rest of the 
experiments performed at that temperature: pressure drop decreases with a larger slope. 
However, as mentioned in Section 3.5, the experimental error in pressure measurements were 
found to be the highest at 700 ºC. Therefore, this difference is thought to be due to these 
experimental errors. 
4.3.1.1. Pressure drops for blank experiments 
Pressure drops obtained for blank experiments for the three temperatures studied are displayed 
in Figure 4.2. It can be observed that pressure drop increased with increasing temperature 
following an exponential trend. 
 
Figure 4.2. Pressure drops obtained for blank experiments at different temperatures. 
These pressure drops are thought to be caused by a combination of two factors: hydrogen 
permeation through stainless steel and a decarburization process of the stainless steel. Both 
effects are magnified at higher temperature, as shown in Figure 4.2. 
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4.3.1.1.1. Hydrogen permeation through stainless steel 
Hydrogen is known to permeate metals at high temperatures [101, 103, 104]. The permeation 
rate is commonly expressed by Equation 4.1, where ɸ is the permeability of hydrogen in the 
metal, S is the contact area, P is the pressure, and d is the thickness of the metal. 
                                                 J = ɸ ∙ S ∙
P0.5
d
  [mol ∙ s−1] (4.1) 
Hydrogen permeation through 316 stainless steel has been studied in the literature. Lee et 
al. [43] found that the permeability follows an exponential trend with temperature, as shown in 
Equation 4.2. 
                            ɸ = 5.25 ∙ 10−7exp (
−68900
RT
)  [mol ∙ m−1s−1Pa−0.5] (4.2) 
Taking this into account, it is possible to estimate the expected pressure drop caused by 
hydrogen permeation after 200 minutes. The comparison between the obtained and the 
expected pressure drops is shown in Table 4.3. Two different cases have been considered: In 
the first case the permeation was assumed to happen only in the stainless steel vessel. In that 
case, the contact area was set as the inner area of the vessel including the lid. The thickness 
was defined as the thickness of the wall (2.5 cm). In the second case, the permeation in the inlet 
and outlet gas connection tubing was also considered. The dimensions of the tubing (OD 1/8 in, 
thickness 0.028 in) and a fixed length of 10 cm were used for the calculations. 
Table 4.3. Comparison of the obtained experimental pressure drops and the expected pressure 
drop due hydrogen to permeation after 200 minutes. 
 Temperature (ºC) 
500 600 700 
P
re
ss
u
re
 
d
ro
p
 (
B
a
r)
 Experimental 0.22 0.48 1.06 
Expected (vessel) 0.02 0.07 0.20 
Expected (vessel + tube) 0.06 0.22 0.61 
During the early stages of the project, hydrogen permeation was thought to be taking place 
through the walls of the vessel. In order to prevent this pressure drop, the vessel was coated 
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with alumina that is an effective barrier for hydrogen permeation [105, 106]. The vessel was 
sent to Engineering Performance Coating Ltd., where it was coated through thermal spraying. 
First, a bond coat of molybdenum was applied (thickness 0.15 mm). Then, alumina was coated 
on top of that with a thickness of 0.2 mm. After testing, it was observed that coating the vessel 
did not prevent hydrogen permeation, as the pressure drop obtained was very similar to the one 
previously obtained. 
The data shown in Table 4.3 is in good agreement with the situation explained above. In fact, 
the main route for hydrogen escape is permeation through the tubing rather than the vessel wall. 
As the contact area is larger in the vessel than in the tubes, it was originally expected that the 
permeation would mainly happen through the wall of the vessel. However, the thickness of the 
vessel wall is 35 times larger than that of the tubes, which makes the permeation through the 
gas connection tubes the main route for hydrogen escape. 
4.3.1.1.2. Decarburization of the stainless steel 
A decarburization process of stainless steel is thought to take place in the system along with 
the permeation through the steel. The decarburization process is the decrease of the carbon 
content in steel due to interactions with the environment at high temperatures. Hydrogen gas 
in contact with steel at high temperature can cause decarburization, which leads to formation 
of hydrocarbons [53, 107]. This effect is also known as high temperature hydrogen attack. 
8H + C + Fe3C ↔ 2CH4 + 3Fe 
The decarburization process increases with increasing hydrogen partial pressure and 
temperature. Nelson curves give information on safe operating limits for temperature and 
hydrogen partial pressures for different grades of steel. These are commonly used to select 
from different grades of steel to ensure safe operation and avoid the decarburization process 
resulting in a decrease in the steel strength [108]. 
Blank experiments revealed the formation of a black powder in the wall of the vessel. The 
amount of black powder found was especially considerable after experiments at 700 ºC. The 
powder was analysed using X-ray diffraction (XRD), and the pattern obtained is shown in 
Figure 4.3. The powder is mainly composed of iron-carbon compounds, which are likely to be 
generated by the decarburization of stainless steel. 
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Figure 4.3. XRD pattern of the powder found after a blank experiment at 700 ºC. 
4.3.1.2. Methodology followed for hydrogen dissolution and adsorption calculations 
In order to estimate the amount of hydrogen that dissolves in the FLiNaK salt, the amount of 
hydrogen that permeates the walls as well as the one consumed in the decarburization process 
must be taken into consideration. In order to do so, it was assumed that for the experiment with 
FLiNaK salt, the rate of decrease in the amount of hydrogen moles caused by hydrogen 
permeation or steel decarburization would be the same as that shown in the blank experiment 
with the nickel crucible. This assumption was made based on the fact that both hydrogen 
permeation and the steel decarburization are a function of the hydrogen partial pressure (as 
shown in Equation 4.1). Therefore, even if the gas volume changed due to the salt, the hydrogen 
partial pressure was maintained, causing the same rate of decrease of hydrogen moles. 
Therefore, the pressure drop caused by hydrogen dissolution in FLiNaK salt was calculated 
using Equation 4.3. This equation is based on the ideal gas law, for a constant temperature, and 
it accounts for the change in volume occupied by hydrogen gas for the experiments performed 
with FLiNaK salt and only nickel crucible. 
                                        ∆PH2,FLiNaK = ∆PBlank+Ni
Vvessel−VFLiNaK
Vvessel
 (4.3) 
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where ∆𝑃𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾  refers to the pressure drop caused by hydrogen dissolution in the salt for in 
the 50 g FLiNaK experiment, ∆𝑃𝐵𝑙𝑎𝑛𝑘+𝑁𝑖  is the pressure drop measured for the Blank + Ni 
experiment Vvessel is the volume of the vessel including the connection tubing and VFLiNaK is the 
volume occupied by the salt. 
On the other hand, the volume occupied by the carbon samples were considered negligible. In 
this case the pressure drop caused by hydrogen adsorption on carbon materials immersed in 
FLiNaK was calculated by subtracting the pressure drop measured for 50 g FLiNaK experiment 
to 50 g FLiNaK + 2 g AC and 50 g FLiNaK + 6 g graphite experiments. These pressure drops 
were then converted into moles using Equation 3.3, where the initial hydrogen moles were 
estimated following the procedure explained in section 3.2.3.  
4.3.2. Hydrogen solubility in FLiNaK 
A comparison of the evolution of the hydrogen dissolution per gram of FLiNaK salt at different 
temperatures is displayed in Figure 4.4. It is possible to study the dissolution kinetics by 
observing the evolution of the curves. The equilibrium results are obtained using the data at the 
end of the experiment. 
The amount of hydrogen dissolved in FLiNaK at equilibrium decreases with increasing 
temperature, which is in good agreement with the results reported by Fukada and Morisaki 
[109]. However, hydrogen dissolution takes place faster at higher temperatures. 
The solubility of a gas in a liquid is commonly predicted using Henry’s law, which states that 
the amount of dissolved gas is proportional to its partial pressure in the gas phase. Fukada and 
Morisaki [41] studied the solubility of hydrogen in FLiNaK and showed that it follows Henry’s 
law and the conditions studied in the present work, and therefore, in this work hydrogen 
solubility in FLiNaK is also considered to follow Henry’s law. The validity of this assumption 
is further discussed in Section 4.3.5. By using the equilibrium solubility data obtained from 
Figure 4.4, Henry’s solubility constant was calculated for the three temperatures studied. In 
order to do so, the effect of the temperature on the density of FLiNaK was considered (Equation 
3.2), as well as the fact that the hydrogen gas pressure at equilibrium is different for each 
temperature. Table 4.4 shows a comparison between the calculated Henry’s constants at each 
temperature using the experimental data, and the constant reported by Fukada and Morisaki 
[41]. 
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Figure 4.4. Evolution of hydrogen dissolution in FLiNaK at different temperatures. 
Table 4.4. Comparison of experimental and literature solubility 
constants of hydrogen in FLiNaK. 
Temperature (ºC) 
KFLiNaK,H2 
(molH2 ∙m-3FLiNaK ∙Pa-1) 
Experimental Literature [41] 
500 4.6·10-5 (±4.3·10-6) 8.4·10-5 
600 2.5·10-5 (±1.0·10-5) 4.6·10-5 
700 2.0·10-5 (±1.4·10-5) 2.8·10-5 
It should be mentioned that hydrogen dissolution at 500 ºC did not reached saturation after 200 
minutes. This trend was further analysed in Chapter 5. Moreover, hydrogen dissolution profile 
at 700 ºC shows a peculiar trend, obtaining a high dissolution after approximately 20 minutes, 
which decreased with time obtaining a lower dissolution by the end of the experiment. This is 
thought to be due to the large experimental errors obtained for the experiments performed at 
700 ºC, as it is reflected in the large error calculated for the solubility at 700 ºC (shown in Table 
4.4). The solubility data shown in Table 4.4 was calculated using the amount of hydrogen that 
was dissolved after 200 minutes of experiments.  
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In addition, the error related to the hydrogen solubility in FLiNaK was estimated. For this, the 
standard error of the mean pressure drop of each experiment after 200 minutes was estimated 
following the procedure explained in Section 3.5 (Equations 3.7 and 3.8). The errors were then 
propagated to the pressure drop caused by hydrogen dissolution in FLiNaK and to the mole 
change using Equations 4.4 and 4.5, respectively, where δ denotes the standard error of the 
mean. 
                              δ∆PH2,FLiNaK = √(δ∆PFLiNaK)
2 + (δ∆PBlank+Ni)
2 (4.4) 
                                                       δ∆n =
δ∆P
P0
n0 (4.5) 
Table 4.4 shows that the estimated error for Henry’s solubility constant is bigger at higher 
temperatures. This is due to a combination of factors. Firstly, the error in the pressure 
measurements increases when the temperature increases (shown in Section 3.5); and second, 
the amount of hydrogen that dissolves in FLiNaK decreases with increasing temperature, which 
creates a lower pressure drop. Therefore, the solubility constants obtained at lower 
temperatures are likely to be more accurate. 
Henry’s solubility constant is known to follow the Van’t Hoff equation. In order to obtain the 
pre-exponential factor and the activation energy, ln(KFLiNaK,H2) vs. 1/T was plotted and it was 
found to follow a linear trend with an R2 value of 0.95. The solubility of hydrogen in FLiNaK 
was correlated to Equation 4.6. 
                         KFLiNaK,H2 = 7.77 ∙ 10
−7exp (
25965
RT
)  [mol ∙ m−3 ∙ Pa−1] (4.6) 
The slope on the Van’t Hoff plot is associated with the absorption heat of hydrogen dissolution 
in FLiNaK, and a positive slope means that the hydrogen absorption is exothermic. The 
equation fitted to the experimental results (Equation 4.6) was graphically compared to that 
reported by Fukada and Morisaki in Figure 4.5. The experimental results were also included in 
the graph, along with their estimated standard error. 
It can be observed that the fitted curve very closely describes the trend of the experimental 
results. This was expected based on the high R2 value obtained during the curve fitting. Both 
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literature and experimental results show that hydrogen solubility in FLiNaK decreases with 
increasing temperature. However, literature data shows a higher solubility than the one 
obtained experimentally in this work. This difference between literature and experimental 
solubilities, which becomes more important at lower temperature, can be due to impurities in 
FLiNaK that can change the interaction energy between its neighbour molecules [41]. 
 
Figure 4.5. Comparison of the Henry’s solubility constant obtained with literature values. 
Moreover, Fukada and Morisaki calculated the hydrogen solubility in FLiNaK following a 
different methodology to the one used in this project. The authors performed experiments 
flowing a hydrogen stream through a bed of melted FLiNaK, and the evolution of the 
downstream partial pressure of hydrogen was measured. The solubility in this project was 
calculated assuming that hydrogen dissolves homogeneously in the salt. Nevertheless, there 
could be a hydrogen concentration profile in the salt, which would mean that the real hydrogen 
solubility is higher than that experimentally measured. 
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4.3.3. Hydrogen adsorption on activated carbon 
The evolution of hydrogen adsorption on the activated carbon immersed in FLiNaK salt at the 
three temperatures studied is presented in Figure 4.6. It can be observed that hydrogen 
adsorption on activated carbon follows a very similar trend at 500 and 600 ºC, the total amount 
adsorbed being slightly higher at the lower temperature. On the other hand, at 700 ºC the 
adsorption capacity of the activated carbon decreases by almost half, despite the faster 
adsorption observed. Hydrogen adsorption on activated carbon at 500 ºC did not reach 
saturation after 200 minutes of experiment. This was expected as hydrogen dissolution in the 
salt shows the same trend at that temperature (shown in Figure 4.4). 
 
Figure 4.6. Evolution of hydrogen adsorption on activated carbon immersed in FLiNaK at 
different temperatures. 
The hydrogen adsorption capacity on activated carbon immersed in FLiNaK along with its 
estimated error are included in Table 4.5. The error was estimated following the same 
methodology as in the calculation of the hydrogen solubility in FLiNaK. The ratio of the 
amount of hydrogen moles adsorbed on activated carbon (SAC,H2) and the hydrogen moles 
dissolved in FLiNaK (SFLiNaK,H2) per unit of mass was calculated. This was done with the aim 
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of studying whether there is any direct relation between the amount of hydrogen dissolved in 
FLiNaK and that adsorbed on activated carbon. 
The data suggest that there is no correlation between the amount of hydrogen adsorbed on 
activated carbon and the amount of hydrogen dissolved in FLiNaK, as the higher ratio was 
obtained at 600 oC. It should be noted that even if the solubility in the salt is different, the same 
initial hydrogen partial pressure was used. In terms of the error in the calculated results, this 
was considered to be relatively low for the lower temperatures studied (less than 15 % of its 
value), whereas at 700 ºC the error is roughly 40 %. 
Table 4.5. Hydrogen adsorption capacity on activated carbon immersed in FLiNaK at 
different temperatures. 
Temperature (ºC) SAC,H2 (molH2· gAC
-1) 
SAC,H2/SFLiNaK,H2  
(molH2· gAC
-1/ molH2· gFLiNaK
-1) 
500 4.9·10-4  (± 6.8·10-5) 20.9 
600 4.5·10-4  (± 3.3·10-5) 34.4 
700 2.5·10-4  (± 9.9·10-5) 28.1 
Hydrogen adsorption on activated carbon has been extensively studied in the literature [41, 86]. 
However, most of the studies have been performed at either 77 K or room temperature. 
Hydrogen adsorption capacities of Norit A supra at 77 K and 293 K for different pressures have 
been reported by Li et al. [88]. Hydrogen adsorption capacities reported for an equilibrium 
pressure of 5 bar at 77 K and 293 K were approximately 2·10-3 and 5·10-4 molH2 gAC
-1, 
respectively. Therefore, the obtained hydrogen adsorption capacities on Norit A Supra 
activated carbon immersed in FLiNaK are considered to be higher in comparison with the 
literature values. It should be considered that hydrogen adsorption capacity decreases with 
increasing temperatures. 
4.3.4. Hydrogen adsorption on graphite 
The evolution of the hydrogen adsorption on the natural graphite immersed in FLiNaK is 
shown in Figure 4.7. As in the case of the activated carbon, hydrogen adsorption capacity on 
graphite is very similar at 500 and 600 ºC. Actually, the amount of hydrogen adsorbed on 
graphite for the lower temperatures is identical. However, the hydrogen adsorption decreases 
by approximately 40 % at 700 ºC. 
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As can be observed in Figure 4.7, hydrogen adsorption takes place faster at higher 
temperatures. At 500 ºC around 200 minutes are required to reach equilibrium, whereas at the 
higher temperatures it is reached within the first 80 minutes. Once again, hydrogen adsorption 
profile shows a peculiar trend at 700 ºC which is thought to be due to the large experimental 
errors obtained at that temperature. 
The solubility of hydrogen on graphite immersed in FLiNaK is shown in Table 4.6, along with 
the ratio of the amount of hydrogen adsorbed on graphite (Sgraphite,H2) and the hydrogen moles 
dissolved in FLiNaK (SFLiNaK,H2) per unit of mass. The error estimated for the hydrogen 
solubility on graphite is also included. 
 
Figure 4.7. Evolution of hydrogen adsorption on graphite immersed in FLiNaK at different 
temperatures. 
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Table 4.6. Hydrogen adsorption capacity on graphite immersed in FLiNaK at different 
temperatures. 
Temperature (ºC) 
Sgraphite,H2  
(molH2 · ggraphite
-1) 
Sgraphite,H2/SFLiNaK,H2  
(molH2 · ggraphite
-1/ molH2 · gFLiNaK
-1) 
500 1.0·10-4 (± 1.4·10-5) 4.3 
600 1.0·10-4 (± 6.5·10-6) 8.1 
700 6.1·10-5 (± 2.2·10-5) 6.4 
As in the case of the activated carbon, the data suggest that there is no correlation between the 
amount of hydrogen adsorbed on graphite and the amount of hydrogen dissolved in FLiNaK. 
As in the previous case, the higher ratio was obtained at 600 ºC and the lower at 500 ºC, when 
the hydrogen solubility in FLiNaK was the higher. By comparing Table 4.5 and Table 4.6, it 
can be observed that the ratio is 4 to 5 times higher for the activated carbon than for graphite 
for the three temperatures studied. This means that hydrogen adsorption capacity of activated 
carbon is roughly 4.5 times higher than the one in graphite, and this relation does not vary with 
temperature significantly. 
Hydrogen adsorption on graphite immersed in FLiNaK, or any other fluoride salt, has never 
been studied. However, hydrogen retention on graphite at high temperature has extensively 
been investigated for nuclear applications [10, 11, 110]. Atsumi et al. [75] studied the hydrogen 
retention of different nuclear grade graphites, and reported adsorption capacities ranging 
between 4·10-6 and 10-5 molH2·ggraphite
-1 at 700 ºC and 1 bar. The hydrogen solubility 
experimentally obtained at that temperature when the graphite is immersed in FLiNaK is 
approximately one order of magnitude higher than that reported in literature, although it should 
be noted that equilibrium pressure is also almost 5 times bigger here. 
4.3.5. Effect of pressure 
Three experiments were performed using an initial pressure of 11.5 bar at 600 ºC. These were 
done in order to investigate the effect of pressure on the hydrogen dissolution in FLiNaK and 
adsorption on activated carbon. The evolution of pressure drop obtained in these experiments 
is shown in Figure 4.8.  
It was observed that pressure drop obtained for the blank experiments with the nickel crucible 
was bigger when a higher initial pressure was studied. This was expected as both the hydrogen 
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permeation through the walls and steel decarburization processes are favoured when the 
hydrogen partial pressure increases. The pressure drops obtained after 200 minutes for the 
blank experiments with the nickel crucible were 0.54 and 0.88 bar for experiments at 5.5 and 
11.5 bar respectively. It is considered that the large pressure drop showed during the very early 
stages of the experiments is due to pressurization of the vessel and hydrogen adsorption on the 
nickel crucible. Therefore, the total pressure drop appears to be a function of the square root of 
the hydrogen partial pressure. This agrees with the relation between the hydrogen permeation 
and the hydrogen partial pressure, as shown in Equation 4.1. 
By comparing Figure 4.1 and Figure 4.8, it can be seen that pressure drop caused by both 
hydrogen dissolution in FLiNaK and adsorption on activated carbon increase with increasing 
initial pressure. On the other hand, the pressure drop related to the hydrogen adsorption on 
activated carbon seldom increases with increasing pressure. 
 
Figure 4.8. Pressure drops obtained for the experiments performed at 600 ºC and an initial 
pressure of 11.5 bars. 
The evolution of hydrogen dissolution in FLiNaK and adsorption on activated carbon at 600 ºC 
and different initial pressures are shown in  
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Figure 4.9. Hydrogen dissolution in FLiNaK was studied for initial pressures of 5.5 and 
11.5 bar, whereas hydrogen adsorption on activated carbon immersed in FLiNaK was also 
studied for an initial pressure of 3.5 bar. 
As can be observed, the amount of hydrogen dissolved in FLiNaK clearly increases with 
increasing pressure. In fact, FLiNaK dissolves more than double the amount of hydrogen for 
an initial pressure of 11.5 bar in comparison with the lower initial pressure of 5.5 bar. A similar 
trend was observed for the kinetics of dissolution for both pressures, as the dissolution takes 
place during the first 80 minutes. 
Hydrogen adsorption capacity on activated carbon shows a greater increase with changes in 
pressure at lower hydrogen pressures. When the initial pressure increases from 3.5 to 5.5 bar, 
the hydrogen adsorption capacity obtained was 31 % higher. On the contrary, the hydrogen 
adsorption on activated carbon increased by only 13 % when the initial hydrogen gas pressure 
increased from 5.5 to 11.5 bar. The trend that hydrogen adsorption follows with pressure is 
further analysed below. 
 
Figure 4.9. Evolution of hydrogen dissolution in FLiNaK and adsorption on activated carbon 
at 600 ºC and initial pressures of 5.5 and 11.5 bars. 
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The relation between hydrogen solubilities in FLiNaK, adsorption on activated carbon, and the 
equilibrium pressures is displayed in Figure 4.10. The error bars were calculated following the 
previously explained procedure. It should be noted that even if the experiments were performed 
under the same initial pressures, the solubility points for FLiNaK and activated carbon are not 
in the same point regarding the x-axis, as the equilibrium pressure was different for each case.  
Figure 4.10 agrees with the hypothesis proposed in Section 4.3.2.: hydrogen dissolution in 
FLiNaK follows a linear trend with pressure, and therefore, it obeys Henry’s law for the range 
of pressures studied. Table 4.4 shows Henry’s solubility constant for hydrogen in FLiNaK at 
different temperatures. However, these were calculated using a single point at each 
temperature. Having two solubility data at different equilibrium pressures, a trendline was 
added forcing it to pass through the origin (indicated as Henry’s law in Figure 4.10). Following 
this procedure, the Henry’s constant found at 600 ºC was 3.3·10-5 mol·m-3·Pa-1. This is 24 % 
higher than that previously obtained, but within the estimated experimental error (as shown in 
Table 4.4), and closer to the value reported by Fukada and Morisaki [11]. 
 
Figure 4.10. Hydrogen solubility on FLiNaK and activated carbon at 600 ºC for different 
equilibrium pressures. 
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It is assumed that hydrogen adsorption on activated carbon follows the Langmuir adsorption 
theory. According to this, a dynamic equilibrium exists between the adsorbed and the free 
hydrogen atoms, as shown below. It is assumed that hydrogen adsorbed as H on the activated 
carbon, as shown below. 
C∗ + H ↔ C − H 
Where C* is a trapping site for hydrogen. The equilibrium concentration of the adsorbed 
hydrogen can be expressed by Equation 4.7, where K0 denotes the equilibrium constant. 
                                                    [C − H] = K0[C
∗][H2]
1/2 (4.7) 
Where [𝐶∗] and [𝐻2] are the concentration of vacant trapping sites and hydrogen molecules in 
the surface, respectively. The hydrogen concentration in the surface depends on the hydrogen 
solubility on FLiNaK. Since hydrogen dissolution in the salt follows Henry’s law, hydrogen 
concentration at the surface can be considered to be proportional to the hydrogen partial 
pressure in the gas. The total concentration of the trapping sites that exist ([𝐶∗] + [𝐶 − 𝐻]) 
should be an intrinsic characteristic value for each sample [41]. Taking this into consideration, 
hydrogen adsorption isotherm can be expressed as Equation 4.8, where N0 is the total 
concentration of the trapping sites. 
                                                           SAC,H2 =
K0√PH2
1+K0√PH2
N0 (4.8) 
Hydrogen solubility data obtained at different equilibrium pressures were fitted to the 
adsorption isotherm using Matlab. The estimated parameters are given in Table 4.7, and the 
obtained isotherm is presented in Figure 4.10. The fitted curve is a good representation of the 
experimental data, as it passes within its error bars. Only three experimental points were used 
to estimate the parameters shown in Table 4.7, however, in order to ensure that these parameters 
are reliable additional experimental data would be required. 
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Table 4.7. Parameters estimated for the Langmuir 
adsorption isotherm for activated carbon at 600 ºC. 
Parameter Value 
K0 (Pa
-1/2) 8.95·10-4 
N0 (molH2·gAC
-1) 1.05·10-3 
According to the adsorption isotherm, the maximum hydrogen moles that could be adsorbed 
per gram of activated carbon at 600 ºC are 1.05·10-3 (the estimated value for N0). Based on this, 
the fraction of active sites covered for a certain pressure (θ) can be calculated by dividing 
solubility obtained at that pressure with the maximum adsorption capacity, as expressed in 
Equation 4.9. 
                                                                      𝜃 =
SAC,H2
𝑁0
 (4.9) 
Table 4.8. Fractional coverage of the total active sites for 
activated carbon at different equilibrium pressures. 
Pressure (Bar) Fractional coverage (θ) 
3.2 0.32 
4.6 0.42 
10.0 0.48 
The fraction of the total active adsorption sites that would be covered according to the 
adsorption isotherm for the equilibrium pressures studied are shown in Table 4.8. As can be 
seen, for an equilibrium pressure of 10 bar, almost half of the available active adsorption sites 
are occupied by hydrogen. Moreover, even for a low equilibrium pressure such as 3.2 bar, 33 % 
of the active sites are estimated to be covered. 
4.4. Conclusions 
The effect that temperature and pressure have on hydrogen dissolution in FLiNaK as well as 
on the adsorption on activated carbon and graphite was investigated. Experimental results 
showed that hydrogen dissolution in FLiNaK is consistent with Henry’s law, which means that 
the amount of hydrogen that dissolves in the salt linearly increases with increasing hydrogen 
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pressure. Moreover, hydrogen solubility in FLiNaK was found to decrease with increasing 
temperature. The solubility data were correlated to a Van’t Hoff’s equation with a high R2 
value (0.95).  
Hydrogen adsorption capacity on both activated carbon and natural graphite was found to 
follow a similar trend with temperature. For graphite the adsorption capacity at 500 and 600 ºC 
was about equal, and for the activated carbon the adsorption capacity was slightly lower at 
600 ºC. Hydrogen adsorption capacity on both carbon materials shows a large decrease at 
700 ºC. In fact, when the temperature increased from 600 to 700 ºC, hydrogen adsorption 
capacity decreased by 46 % for the activated carbon, and by 39 % for the natural graphite. For 
all the temperatures studied hydrogen adsorption capacity on activated carbon was roughly 4.5 
times higher than the one on graphite. No correlation was found on the ratio of the amount of 
hydrogen moles adsorbed on either activated carbon (SAC,H2) or graphite (Sgraphite,H2) and the 
hydrogen moles dissolved in FLiNaK (SFLiNaK,H2) per unit of mass. For both carbon materials 
studied, this ratio was found to be the highest at 600 ºC. 
The effect of the equilibrium pressure on hydrogen adsorption capacity on activated carbon 
immersed in FLiNaK salt at 600 ºC was also studied. The results obtained for different 
equilibrium pressures were correlated to the Langmuir adsorption isotherm and the maximum 
adsorption capacity that could be obtained for the selected temperature (N0) was estimated. The 
adsorption isotherm obtained showed that hydrogen adsorption capacity greatly increased for 
low equilibrium pressures. However, for higher pressures the increase in adsorption capacity 
was lower. In this case, for an equilibrium pressure of 3.2 bar, 32 % of the adsorption sites 
were estimated to be covered, whereas at 10 bar, the fraction of the covered adsorption sites 
was estimated to be 50 %. 
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Chapter 5. Modelling Hydrogen Transport in 
the High Temperature Hydrogen Adsorption 
System 
 
The aim of this chapter is to develop a model that describes hydrogen transport in the High 
Temperature Hydrogen Adsorption System (HTHAS). For that, a model was first developed to 
describe the dynamics of hydrogen dissolution in FLiNaK. This model was then further 
developed to include the dynamics of hydrogen adsorption on carbon materials immersed in 
the molten salt. 
5.1. Introduction 
In order to study hydrogen transport in the HTHAS, the kinetics of hydrogen dissolution in 
FLiNaK and adsorption on carbon materials was studied. For that, a dynamic model describing 
hydrogen dissolution in salt was developed using gPROMS modelling software. A schematic 
representation of the hydrogen dissolution in salt is shown in Figure 5.1.a. Experimental data 
shown in Chapter 4 were used to find the right kinetic parameters that allow the model to 
describe the experimental trends. 
 
Figure 5.1. Schematic representation of hydrogen transport a) from the gas to the liquid 
phase, and b) from the gas to the liquid and then to the solid phase. 
Once hydrogen transport in FLiNaK was well understood, the complexity of the best model 
was increased to allow the description of hydrogen adsorption on carbon materials immersed 
in the molten salt (Figure 5.1.b).  
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5.2. Hydrogen dissolution in FLiNaK 
The diffusion of a gas in a liquid is described by Fick’s laws of diffusion [75]. Fick’s first law 
is shown in Equation 5.1, and it describes the diffusive flow under steady state conditions. It 
states that the flux is proportional to the concentration gradient. It also assumes that the 
concentration changes with the position (x, expressed in m), and that the concentration in each 
elementary stratum is constant. 
                                                          J = −D
∂C
∂x
 (5.1) 
where J stands for the diffusion flux in mol·m-2·s-1, which measures the amount of substance 
that flows through a unit of area during a unit time interval. D is the diffusion coefficient, which 
is expressed in m2·s-1, and C is the concentration of the gas in the liquid expressed in mol·m-3, 
which is a function of the position (x). 
On the other hand, Fick’s second law describes how diffusion causes the concentration to 
change with time and the position. Its expression is given in Equation 5.2. 
                                                                    
∂C
∂t
= −D
∂2C
∂x2
 (5.2) 
5.2.1. Model development 
A model was created to describe hydrogen dissolution in FLiNaK based in Fick’s second law. 
The dynamic of hydrogen dissolution in the molten salt are described by Equation 5.3. 
                                              
∂CH2,FLiNaK (x)
∂t
= DH2,FLiNaK
∂2CH2,FLiNaK(x)
∂x2
 (5.3) 
Where 𝐶𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾(x) refers to the concentration that changes with the position and the time, 
𝐷𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾  refers to hydrogen diffusion coefficient in FLiNaK, and the position or the depth of 
the hydrogen in the salt was denoted as x. The surface of the salt was considered to be 0, and 
the deepest position was set at H, which is the height of the salt in the crucible.  
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The surface of the salt was considered to be in equilibrium with the gas phase. Therefore, 
hydrogen concentration in the salt surface was given by Henry’s law (Equation 5.4). In this 
case the mass transfer resistance in the gas phase was also assumed to be negligible.  
                                                   CH2,FLiNaK(0) = KFLiNaK,H2 ∙ PH2 (5.4) 
where 𝐾𝐹𝐿𝑖𝑁𝑎𝐾,𝐻2  denotes Henry’s solubility constant and 𝑃𝐻2 is the partial pressure of 
hydrogen in the gas phase. On the other hand, the other boundary condition required was 
expressed as Equation 5.5.  
                                                          
∂CH2,FLiNaK(H)
𝜕𝑥
= 0 (5.5) 
Hydrogen concentration in the salt changed with the position. Therefore, the total amount of 
hydrogen moles dissolved in FLiNaK (𝑛𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾) was calculated by integrating the 
concentration over the depth of the salt, and multiplying it by the contact area between the gas 
and liquid phases, referred as S (Equation 5.6). 
                                                nH2,FLiNaK = ∫ CH2,FLiNaK(x) ∙ S dx
H
0
 (5.6) 
The amount of hydrogen moles present in the gas phase (𝑛𝐻2,𝑔𝑎𝑠) was calculated using the ideal 
gas law (Equation 5.7), where 𝑉𝑔  is the volume of the system occupied by gas, R is the ideal 
gas constant, and T is the temperature. 
                                                              nH2,gas =
PH2 ∙Vg
R∙T
 (5.7) 
In order to express the amount of hydrogen moles lost due to the pressure drops obtained for 
the blank experiments a new variable was created (𝑛𝐻2,𝑙𝑜𝑠𝑠). This is calculated using 
Equation 5.8, where Ploss refers to the pressure loss due to the hydrogen permeation and 
decarburization process, and it is added as a controlled variable using the experimental results 
shown in Chapter 4. 
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                                                                 nH2,loss =
Ploss∙Vg
R∙T
 (5.8) 
A new variable was created to express the amount of hydrogen moles that were initially added 
into the system (𝑛𝐻2). This variable was calculated using Equation 5.9 and it was considered 
that its value did not change with time, as express is Equation 5.10. Therefore, this means that 
the amount of hydrogen moles in the gas phase decrease due to dissolution of hydrogen in 
FLiNaK (𝑛𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾) and hydrogen losses due to permeation though the reactor wall (𝑛𝐻2,𝑙𝑜𝑠𝑠). 
These two separate effects result in a decrease of the amount of hydrogen moles in the gas 
phase (𝑛𝐻2,𝑔𝑎𝑠), which decreases the hydrogen partial pressure (Equation 5.7). 
                                                    nH2 = nH2,gas + nH2,FLiNaK + nH2,loss (5.9) 
                                                                           
dnH2
dt
= 0 (5.10) 
In order to simulate this model in gPROMS, the position inside the salt (x) had to be defined 
as a distribution domain, whose lower and upper bound were 0 and H, respectively. The 
solution of this model involved the discretization of the distributed equations with respect to 
the distributed domains, which was the position (x) in this case. This reduced the problem to 
the solution of a set of differential algebraic equations (DAEs). For this instance, the position 
domain was discretized using backward finite method of first order over a uniform grid of 50 
intervals. 
A summary of the model developed to describe the dynamics of hydrogen dissolution in 
FLiNaK is given in Table 5.1. This shows a general overview of the model, in which the 
position domain is divided in i intervals. In this case, the model included Equations 5.3 to 5.10, 
that result in 6 + i equations, 7 + i variables and 7 parameters. The degrees of freedom are 
calculated as the difference between the amount of variables and equations in the model. As 
there is one more variable comparing to the amount of equations provided, there is one degree 
of freedom in the model, therefore one of the variables had to be defined. This was obtained 
by adding Ploss as a controlled variable, and therefore its value at different times had to be added 
as an input. A parameter is considered to be constant throughout the simulation, whereas a 
variable changes with time. The list of the variables and parameters included in this model is 
given below.  
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 List of variables: 𝑛𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾 , 𝑛𝐻2,𝑔𝑎𝑠 , 𝑛𝐻2𝑙𝑜𝑠𝑠 , 𝑛𝐻2, 𝐶𝐻2 ,𝐹𝐿𝑖𝑁𝑎𝐾 (𝑥), 𝑃𝐻2, 𝑃𝑙𝑜𝑠𝑠. 
 List of parameters: 𝐷𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾 , 𝐾𝐹𝐿𝑖𝑁𝑎𝐾,𝐻2 , 𝑉𝑔 , 𝑆, 𝐻, 𝑅, 𝑇. 
Table 5.1. Degrees of freedom summary for the model describing hydrogen dissolution in 
FLiNaK. 
Number of equations 6+i (Equations 5.3 to 5.10) 
Number of variables 7+i 
Number of parameters 7 
Degrees of freedom  1 
Required initial conditions 1+ i (nH2,gas (0), CH2,FLiNaK (0,x)) 
Moreover, the assumptions made to create the model summarised in Table 5.1 are listed below: 
- Hydrogen dissolution in FLiNaK follows Fick’s diffusion law. 
- Hydrogen follows the ideal gas law. 
- All the system is at the same temperature. 
- Hydrogen dissolution in FLiNaK follows Henry’s law. 
- Mass transfer resistance in the gas phase is negligible.  
A key requisite for the system to be well-posed was that the number of initial conditions match 
the number of differential equations. As the system included 1 + i differential equations 
(Equations 5.3 and 5.10), 1 + i initial conditions were required to start the simulation. The 
initial conditions selected were the amount of hydrogen moles in the gas phase (𝑛𝐻2,𝑔𝑎𝑠  (0)) 
and the hydrogen concentration for all i intervals (𝐶𝐻2 ,𝐹𝐿𝑖𝑁𝑎𝐾  (𝑥)). The second one was set to 0, 
as at the start of the experiment all the hydrogen was in the gas phase; and the first one was 
known. The model included two unknown parameters: the diffusion coefficient and the Henry’s 
constant. Therefore, in order to allow the model to describe the system, those parameters had 
to be estimated. 
In order to simulate the model in gPROMS, a model entity was created first. This includes the 
definition of parameters, variables and equations included in the model. Afterwards a process 
entity was created where a value was given to the variables and parameters previously created. 
In addition, the required initial conditions were specified. The model and process entities 
developed in gPROMS to describe this system are shown in Appendix A.3.1. 
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5.2.2. Results and discussion 
Experimental data shown in Chapter 4 was used to estimate the unknown parameters in the 
models as previously explained, which were the diffusion coefficients and Henry’s constants. 
These parameters were estimated using the parameter estimation entity in gPROMS. 
Experimental data had to be provided in order to estimate the parameters, as this was done by 
minimizing the error between the experimental data and the simulated values. In this case, the 
data provided was the amount of hydrogen moles in the gas phase (𝑛𝐻2,𝑔𝑎𝑠). A variance model 
was applied to the experimental data, where a constant variance of 1.5·10-5 mol was selected. 
This was estimated taking into consideration the error of the pressure transducer, and 
propagating the error as explained in section 4.3.2. In addition, the evolution of the pressure 
drop due to hydrogen permeation and decarburization process (Ploss) with time was also added 
as a controlled variable. 
The parameters estimated for the three different temperatures studied are shown in Table 5.2. 
In addition, gPROMS provided a statistical analysis related to the estimated parameters. The 
error of the parameters according to the 95 % confidence interval are included in the table. 
Table 5.2. Diffusivity and solubility constants obtained through parameter estimation 
for the three models developed. (95 % confidence interval) 
 Temperature 
500 ºC 600 ºC 700 ºC 
DH2,FLiNaK 
(10-8 m2·s-1) 
1.20 (± 0.004) 2.07 (± 0.015) 10.60 (± 0.20) 
KFLiNaK,H2 
(10-5 mol·m-3·Pa-1) 
4.89 (± 0.005) 2.62 (± 0.003) 2.48 (± 0.003) 
The estimated parameters were used to simulate the model and the evolution of the hydrogen 
dissolution in the salt. Results were compared to the experimental data for the three 
temperatures studied, as shown in Figure 5.2. It can be observed that at 500 ºC the simulation 
results closely describe the experimental trend observed, although, the model slightly 
overestimates the amount of hydrogen dissolved for most of the period of time selected. 
Moreover, as discussed in Chapter 4, the hydrogen dissolution in FLiNaK did not seemed to 
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have reached saturation after 200 minutes of experiment. However, simulation results showed 
a closer trend to a horizontal line at 200 minutes, which showed that it was closer to reaching 
the saturation point than the experimental trend. 
 
Figure 5.2. Comparison of the experimentally obtained and modelled evolution of hydrogen 
dissolution in FLiNaK at different temperatures. 
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On the other hand, a worse fit was obtained with the simulations performed at 600 and 700 ºC. 
This is thought to be due to experimental errors that resulted in a peculiar trend in the evolution 
of hydrogen dissolution. These errors are thought to be related to hydrogen permeation through 
the vessel, which becomes more important with increasing temperature, as discussed in 
Chapter 4. In fact, the simulated curves appear to be more meaningful. According to the 
simulated values obtained at 700 ºC, hydrogen dissolution in FLiNaK reaches saturation after 
roughly 20 minutes. However, the amount of hydrogen dissolved slightly decreases for longer 
periods of time, which is caused by the decrease of hydrogen partial pressure in the gas phase 
due to the hydrogen losses.  
The solubility and diffusivity constants estimated from the model were correlated to Equations 
5.11 and 5.12 , with R2 values of 0.89 and 0.90, respectively. Hydrogen solubility in FLiNaK 
decreased with increasing temperature, and the equation obtained was very similar to the one 
calculated using the experimental data (Equation 4.5). On the contrary, the diffusion coefficient 
increased with increasing temperature. This is in accordance with common kinetic theory, as 
the diffusivity is proportional to the square of the mean velocity of the diffusing hydrogen 
molecules, which decreases with decreasing temperature [111].  
                             KFLiNaK,H2 = 9.50 ∙ 10
−7exp (
24560
RT
)  [mol ∙ m−3 ∙ Pa−1] (5.11) 
                                   DH2,FLiNaK = 3.17 ∙ 10
−3exp (
−81991
RT
)  [m2 ∙ s−1] (5.12) 
The Fickian diffusion model allowed an in depth study of the evolution of the hydrogen 
concentration profile throughout the salt. Figure 5.3 shows the simulated hydrogen 
concentration profile throughout the salt for different batch times at 600 ºC. It should be 
highlighted that the concentration of hydrogen in the surface (x=0) was set to be in equilibrium 
with the gas phase following Henry’s law (Equation 5.4). At the start of the simulation, 
hydrogen concentration on the rest of the salt was set to be 0. After 1 minute, some hydrogen 
was already dissolved in the salt, but only in the part close to the surface, as the concentration 
of hydrogen in the bottom part of the salt was still 0. After 10 minutes hydrogen concentration 
increased at all positions, and some of it had already reached the deepest position. Afterwards 
hydrogen concentration in all positions increased until a steady state was reached. At that point 
FLiNaK salt was saturated with hydrogen, having a constant concentration at all positions. 
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Figure 5.3. Simulated hydrogen concentration profile throughout FLiNaK salt for different 
batch times at 600 ºC. 
5.2.2.1. Model verification 
In order to verify the models, different initial conditions were simulated and compared to 
experimental data obtained under those conditions. Experimental data used to verify the models 
were obtained at 600 ºC and using an initial hydrogen partial pressure of 11.5 bar, while the 
data used to estimate the parameters were obtained using an initial pressure of 5.5 bar (data 
shown in section 4.3.5). The initial amount of hydrogen moles in the gas phase was known, 
and it was added as the initial condition to simulate the models.  
The model was simulated using the diffusion coefficient given in Table 5.2. However, even 
though it was assumed that hydrogen dissolution in FLiNaK follows Henry’s law, the 
experimental data obtained slightly deviated from that trend as seen in Figure 4.10. Therefore, 
in order to obtain the same hydrogen solubility at steady state, the solubility constant used for 
the simulation was the one calculated with the experimental data obtained at 11.5 bar 
(KFLiNaK,H2 = 3.42 10
-5 mol·m-3·Pa-1). The comparison between the experimentally obtained 
and the simulated evolution of hydrogen dissolution in FLiNaK is shown in Figure 5.4. 
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Figure 5.4. Comparison between experimental data and model predictions for hydrogen 
dissolution in FLiNaK at 600 ºC and initial pressure of 11.5 bar.  
It can be seen that the model closely described the experimental data for approximately the first 
ten minutes. Then the hydrogen dissolution in FLiNaK was underestimated by the model until 
the salt was saturated with hydrogen. This is related to the experimental trend obtained at 
600 ºC and an initial pressure of 5.5 bar. As displayed in Figure 5.2, the evolution of hydrogen 
dissolution in FLiNaK showed a particular trend at that temperature, where hydrogen 
dissolution exhibited fast kinetics for roughly the first 10 minutes, and then showed an 
approximately constant dissolution rate for the next hour. Therefore, the fact that the model 
underestimate the hydrogen dissolution was related to the different dissolution rates 
experimentally obtained for the different pressures studied. 
5.3. Hydrogen Adsorption on Carbon Materials Immersed in FLiNaK 
Once hydrogen dissolution in FLiNaK was well understood, the model was further developed 
to include the process of hydrogen adsorption on the carbon materials. In order to do so, the 
model had to allow the description of hydrogen transport from the gas phase into the liquid 
phase, and the subsequent adsorption on the carbon materials. First, a general model was 
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developed. Then, experimental data were used to estimate the parameters related to the 
activated carbon.  
5.3.1. Model development 
The model previously developed described hydrogen dissolution in FLiNaK salt. The aim of 
this new model was to describe the transport of hydrogen from the salt onto the carbon 
materials. In order to do so, it was taken into account that hydrogen is dissolved in FLiNaK as 
H2 [112], and hydrogen is adsorbed on the carbon materials as H [41]. Therefore, a dissociative 
hydrogen adsorption on vacant active sites of the carbon material (C*) was considered, as 
shown below. The adsorption dynamics were described by Equation 5.13 assuming that 
hydrogen adsorption on carbon follows the Langmuir adsorption theory. The adsorption rate 
was considered first order with regards to the concentration of vacant active sites of 
carbon (𝐶𝐶∗) and ½ order for hydrogen concentration in the deepest part of the salt 
(𝐶𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾 (𝐻)), as that is the position where the salt and the carbon were in contact. On the 
other hand, desorption rate was considered to be first order with regards to the concentration 
of atomic hydrogen adsorbed on the carbon material (𝐶𝐻,𝐶). 
1
2
H2 + C
∗ ↔ CH 
                               
dCH,C
dt
= ka ∙ CC∗√CH2,FLiNaK (H) − kd ∙ CH,C (5.13) 
Where ka and kd refer to the adsorption and desorption kinetic constants, respectively. The 
concentration of the vacant active sites of the carbon is a function of the is the maximum 
amount of hydrogen atoms that can be adsorbed at a certain temperature (CH,max) and the 
concentration of hydrogen atoms adsorbed at a given time, as shown in Equation 5.14. 
Therefore, Equation 5.13 was rewritten as Equation 5.15. 
                                                              CC∗ = CH.max − CH,C (5.14) 
                           
dCH,C
dt
= ka(CH.max − CH,C)√CH2,FLiNaK (H) − kd ∙ CH,C (5.15) 
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The total amount of hydrogen moles adsorbed on the carbon material (𝑛𝐻2,𝐶) was given by 
Equation5.16, where mc refers to the mass of the carbon materials. In addition, the hydrogen 
moles present in the liquid and gas phase were expressed by Equations 5.6 and 5.7, 
respectively. 
                                                          nH2,C =
1
2
∙ mc ∙ CH,C (5.16) 
Similarly as for the hydrogen dissolution model shown in Section 5.2.1, a new variable was 
introduced to express the amount of hydrogen moles that were initially added into the system 
(𝑛𝐻2). This variable was calculated using Equation 5.17 and it was considered that its value 
did not change with time, as express is Equation 5.10. Therefore, this means that the amount 
of hydrogen moles in the gas phase decrease due to dissolution of hydrogen in FLiNaK 
(𝑛𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾), hydrogen adsorption on carbon and hydrogen losses due to permeation though 
the reactor wall and decarburization process (𝑛𝐻2,𝑙𝑜𝑠𝑠 , calculated by Equation 5.8). These three 
effects result in a decrease of the amount of hydrogen moles in the gas phase (𝑛𝐻2,𝑔𝑎𝑠), which 
decreases the hydrogen partial pressure (Equation 5.7). 
                                            nH2 = nH2,gas + nH2,FLiNaK + nH2,C + nH2,loss (5.17) 
Hydrogen dissolution in FLiNaK salt was described by Fick’s second law using Equation 5.3 
and using Equations 5.4 and 5.5 as boundary conditions. In this case as well, the model includes 
a distribution domain (x), and therefore, it was discretized in i intervals to solve it as a set of 
DAEs. The position domain was discretized using a backward finite method of first order over 
a uniform grid of 50 intervals. A summary of the model is shown in Table 5.3. It includes 8 + i 
equations, 9 + i variables and 11 parameters. Once again, the model had one degree of freedom, 
therefore, Ploss was included as a controlled variable. The variables and parameters are listed 
below.  
 List of variables: 𝑛𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾 , 𝑛𝐻2,𝑔𝑎𝑠 , 𝑛𝐻2, 𝑛𝐻2𝑙𝑜𝑠𝑠. 𝐶𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾(𝑥), 𝑃𝐻2, 𝐶𝐻,𝐶 , 𝑛𝐻2,𝐶 , 𝑃𝑙𝑜𝑠𝑠. 
 List of parameters: 𝐷𝐻2,𝐹𝐿𝑖𝑁𝑎𝐾 , 𝐾𝐹𝐿𝑖𝑁𝑎𝐾,𝐻2 , 𝑚𝑐, 𝑘, 𝑘𝑑, 𝐶𝐻.𝑚𝑎𝑥, 𝑉𝑔 , 𝑆, 𝐻, 𝑅, 𝑇. 
The initial conditions given were the hydrogen concentration for all i intervals, the 
concentration of adsorbed hydrogen on carbon, and the amount of hydrogen moles in the gas 
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phase. In this case, the diffusion coefficient and Henry’s solubility constant were assumed to 
be known, as the estimated values in section 5.2.2 were considered. Therefore, the unknown 
parameters that had to be estimated were the maximum hydrogen adsorption capacity (CH,max), 
and adsorption and desorption kinetic constants (ka and kd). The model and process entities are 
shown in Appendix A.3.2. 
Table 5.3. Degrees of freedom summary for the Fickian diffusion model of hydrogen 
dissolution in FLiNaK including hydrogen adsorption on carbon. 
Number of equations 8+i (Equations 5.3 to 5.8, 5.10 and 5.15 to 5.17) 
Number of variables 9+i 
Number of parameters 11 
Degrees of freedom  1 
Required initial conditions 2+ i (nH2,gas (0), CH2,FLiNaK (0,x), CH,C (0)) 
In addition to the assumptions made to model hydrogen dissolution in FLiNaK (listed in 
Section 5.2.1), the following ones were also made to describe hydrogen adsorption on carbon 
materials:  
- Hydrogen adsorption on carbon follows Langmuir adsorption theory. 
- Hydrogen dissolves in FLiNaK as H2 and adsorbs on carbon materials as H. 
- Hydrogen adsorption rate is a function of hydrogen concentration in the deepest part of the 
salt (H). 
5.3.2. Results and discussion 
The idea behind the creation of a model that describes hydrogen adsorption on carbon 
immersed in FLiNaK was to be able to determine kinetic parameters for all the carbon materials 
at the different temperatures studied. However, for most of the temperatures there is only one 
set of experimental data available for each carbon material. When parameter estimation was 
performed in gPROMS, it showed a very high correlation between the three parameters to be 
estimated. This is because when a value of any parameter changes, it changes both the 
dynamics and equilibrium condition of the adsorption process. As a result, the parameters 
obtained were statistically insignificant.  
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The data obtained for the experiments performed with activated carbon at 600 ºC were used to 
obtain the unknown parameters. Three experiments were performed under those conditions, 
each one using a different initial pressure. This approach enabled the estimation of parameters 
that were statistically significant. Table 5.4 shows the parameters estimated for the activated 
carbon at 600 ºC. The errors were calculated using the 95 % confidence intervals provided by 
gPROMS. 
Table 5.4. Parameters estimated for the Fickian diffusion model 
with hydrogen adsorption on activated carbon at 600 ºC. 
Parameter Value 
CH.max (molH·gAC
-1) 1.79·10-3 (± 0.2 %) 
ka (m
3/2·molH2
-1·s-1) 663 (± 33.9 %) 
kd (s
-1) 2768 (± 41.8 %) 
It can be observed that the error in the estimation of the maximum hydrogen adsorption 
capacity was very small compared to the errors in the kinetic constants. This was due to a large 
correlation between the kinetic constants. The maximum amount of hydrogen moles that could 
be adsorbed on activated carbon at 600 ºC was also estimated in section 4.3.5. However, that 
calculation was done using only equilibrium data. Similar values were estimated following 
both approaches. However, the value obtained through dynamic modelling was 7 % lower. The 
estimated values were used to develop Equation 5.18, which is an adsorption isotherm defined 
as a function of hydrogen solubility in FLiNaK. 
                                             CH,C =
0.24√CH2,FLiNaK (H)
1+0.24√CH2,FLiNaK (H)
0.00179 (5.18) 
Figure 5.5 shows the comparison between the experimentally obtained and modelled evolution 
of hydrogen adsorption on activated carbon. It can be seen that the equilibrium adsorption 
capacities obtained using the model do not perfectly match those experimentally obtained. This 
was expected because, as shown in Figure 4.10, the hydrogen adsorption capacities obtained 
for different equilibrium pressures slightly deviated from the fitted isotherm curve. However, 
it can be seen that the equilibrium adsorption capacities simulated for initial pressure of 3.5 
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and 11.5 bar were close to those experimentally obtained. On the other hand, the model 
underestimated the adsorption capacity for an initial pressure of 5.5 bar. 
 
Figure 5.5. Comparison of experimental and modelled evolution of hydrogen adsorption on 
activated carbon immersed in FLiNaK at 600 ºC. 
In terms of the kinetics of adsorption, it can be seen that the model provided a good description 
of the experimental trends. However, the difference between the kinetic trends shown in the 
experimental data and the simulations was mainly related to the fact that the experimental data 
did not follow the same trend at different pressures. 
5.4. Conclusions 
A model was developed to describe the dynamics of hydrogen dissolution in FLiNaK 
considering that it follows Fick’s diffusion law. Experimental data obtained in the lab were 
used to estimate the right diffusivity and solubility parameters that made the model fit the 
available data. The parameters estimated showed that diffusivity of hydrogen in FLiNaK 
increases with increasing temperature, whereas the solubility showed an opposite trend. The 
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evolution of the amount of hydrogen dissolved in FLiNaK obtained through simulation of the 
models closely describe the experimental trend.  
The model was further modified to include the effect of hydrogen adsorption on the carbon 
materials. In order to do so, a dissociative of hydrogen adsorption on carbon was considered 
and the adsorption rate was considered to be described by Langmuir’s adsorption theory. The 
unknown parameters for hydrogen adsorption on activated carbon at 600 ºC were estimated 
using the experimental data obtained for three different initial pressures. The maximum 
adsorption capacity estimated at 600 ºC was in good agreement with that obtained in Chapter 4. 
These parameters could not be estimated for graphite, or for a different temperature for 
activated carbon, as the experimental data available was not enough to obtain parameters that 
were statistically significant. The model obtained was able to describe the dynamics of 
hydrogen adsorption. However, the adsorption capacities estimated for equilibrium conditions 
slightly deviated from those experimentally obtained. This is because the adsorption capacities 
experimentally obtained did not perfectly match an isotherm curve. 
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Chapter 6. Hydrogen Adsorption on Different 
Carbon Materials Immersed in FLiNaK at 
600 ºC 
 
This chapter presents results on the hydrogen adsorption capacities on different carbon 
materials. For this, different activated carbons, graphites and a carbon nanofiber were studied. 
The fresh and spent carbon materials were characterized using different techniques in order to 
detect structural changes following exposure to high temperature molten salt. Hydrogen 
adsorption capacity of all carbon materials was measured, and results obtained were related to 
the characterization of the materials. 
6.1. Introduction 
Hydrogen adsorption on carbon materials at low temperatures has been extensively 
investigated in order to find an effective method to store hydrogen for its subsequent use as an 
alternative fuel [75, 86, 88, 113-116]. Carbon-based materials are considered advantageous for 
hydrogen storage due to their low cost, good chemical, mechanical and thermal stability, easier 
regeneration, low density, and wide diversity of bulk and pore structures [85, 114]. Among 
them, activated carbons have been considered attractive due to their highly porous structure. 
The surface area and porous texture is the main feature determining the hydrogen adsorption 
capacity of activated carbons [113, 116]. In addition, nanosize carbon materials such as carbon 
nanotubes or nanofibers also show high hydrogen adsorption capacities [85, 117]. Atsumi et 
al. [10, 11, 75, 118] studied the hydrogen adsorption capacity of different nuclear grade 
graphites at high temperatures. They found that their results varied by an order of magnitude 
for different samples studied.  
6.2. Experimental 
The aim of this study is to elucidate the effect that the properties of different carbon materials 
had on their hydrogen adsorption capacity when they were immersed in FLiNaK at high 
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temperature. In order to do so, different activated carbons, graphites and carbon nanofibers 
were selected. 
Three different activated carbons were selected: Norit A SUPRA, Norit GSX and Norit ROW. 
The latter was provided in pellets, and in order to study the effect of particle size, some of the 
ROW activated carbon was grinded into powder with particles sizes ranging from 45 to 
255 µm. The original and the grinded Norit ROW activated carbons are referred to as ROW 
pellets and ROW powder in this chapter. The rest of the carbon materials selected were 
provided in powder form. These activated carbons were selected because they have different 
textural properties (shown in Section 6.2.). Therefore, this allows investigation of the effect 
that textural properties of activated carbons have on their hydrogen adsorption capacities when 
they are immersed in molten FLiNaK. 
Three different graphite types were studied: a natural graphite powder, a conducting grade 
graphite and ASP graphite, which is a synthetic graphite. Different graphite grades were 
selected to factor in variations in hydrogen adsorption capacity as reported in the literature [9, 
75]. The carbon nanofibers (CNF) used for this study were provided by the Carbochemistry 
Institute (CSIC-ICB). 
Two different sets of experiments were performed: the adsorption capacity of all the carbon 
materials was studied then they were immersed in FLiNaK, and in addition, some of the carbon 
materials were selected and their hydrogen adsorption capacity was measured when they were 
in direct contact with hydrogen. All the experiments were performed at 600 ºC, and using an 
initial pressure of 5.5 bar. These temperature and pressures were selected as those are close to 
the operating condition of the intermediate cooling loop in the FHR, where FLiNaK is used as 
the cooling fluid. Each experiment was repeated three times and the pressure drops shown in 
this chapter are the average of all the experiments. 
Following the procedure explained in Section 4.2, the first set of experiments was performed 
using 50 g of FLiNaK salt and either 2 g of activated carbon or carbon nanofibers or 6 g of 
graphite. A larger amount of graphite was used in order to reduce the experimental error 
because, as shown in Chapter 4, the hydrogen adsorption capacity of graphite is approximately 
five times lower than that on activated carbon. 
In the second set of experiments, hydrogen adsorption capacity of some carbon materials was 
measured in the absence of FLiNaK salt. The carbon materials selected in this case were 
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activated carbon A SUPRA, and the graphite was natural graphite powder. For each experiment 
6 g of either activated carbon or graphite were added on a nickel crucible, and wire mesh was 
used to avoid the carbon materials being removed with the gases.  
In addition, some of the activated carbon used in the experiments with FLiNaK salt was 
recovered after the experiment, and its hydrogen adsorption capacity was studied in a further 
experiment. It was denoted as spent AC. Due to the limitation on the amount of sample 
recovered, these experiments were performed using 2.5 g of the carbon material. 
6.3. Results 
6.3.1. Characterization of fresh carbon materials 
The texture of a material is defined by the geometry inside the pores of a particle. For a porous 
solid the texture is determined by superficial area, particle size and porosity [9]. Pore sizes are 
classified by IUPAC [119] according to their diameter: micropores (< 2 nm), mesopores (2 to 
50 nm) and macropores (> 50 nm). 
Different characterization techniques exist to analyse textural properties. In this case nitrogen 
adsorption was used. This measurement is performed by introducing nitrogen into the material 
at isothermal conditions (-196 ºC) and leaving the pressure of the gas to equilibrate. Nitrogen 
adsorbs on the surface of the materials, which results in a decrease in nitrogen pressure. 
Different nitrogen partial pressures are employed and a different amount of nitrogen adsorption 
is obtained for each one, thus creating an adsorption isotherm. After the maximum nitrogen 
partial pressure is reached, the pressure is decreased and the system is allowed to stabilise. 
These points are used to create the desorption isotherm. 
The textural properties of all the carbon materials studied are shown in Table 6.1. It can be seen 
that the activated carbons selected have different structures. Activated carbon Norit A SUPRA 
has a very high surface area, large pore volume and small average pore diameter. ROW 
activated carbon has a similar average pore diameter, but has a lower surface area. On the other 
hand, activated carbon GSX has a much lower surface area and a larger average pore diameter, 
and it is the sample with the higher pore volume. 
The three graphites selected have a small surface area and large pore sizes compared to the 
activated carbon. However, the surface area of ASP graphite is three to four times larger than 
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the one of the other two graphite types. The carbon nanofibers, on the other hand, have an 
average pore diameter similar to those of the graphites, but have a larger surface area and 
average pore diameter than graphite.  
Table 6.1. Textural properties of the carbon materials studied determined by N2 adsorption-
desorption. 
Sample SBET (m
2·g-1) 
Total pore volume 
(cm3·g-1) 
Average pore diameter 
(nm) 
AC A SUPRA  1875 0.35 3.3 
AC ROW pellets 1313 0.12 3.5 
AC ROW powder 1473 0.18 3.9 
AC GSX 812 0.54 7.0 
Carbon Nanofibers 39 0.18 26.3 
Natural graphite 4 0.04 38.9 
Conducting grade 
graphite 
3 0.03 59.7 
ASP graphite 12 0.08 25.9 
The adsorption isotherms obtained for the activated carbon and carbon nanofiber selected are 
shown in Figure 6.1. The study of the isotherm gives information for most of the textural 
properties of the material, such as surface area, pore volume, pore size distribution and pore 
architecture.  
Isotherms were classified by Sing et al. [120] into six types. Activated carbons A SUPRA and 
ROW, in both pellet and powder forms, show a type I adsorption isotherm. This is characteristic 
of a material with a well-developed pore system with predominance of micropores. Moreover, 
these isotherms showed a sharp uptake at low relative pressures (P/P0 < 0.01), which indicates 
that the microporosity of the samples is mainly composed of ultramicropores (< 0.7 nm) [119]. 
ROW activated carbons exhibited an almost flat isotherm in the range P/P0 > 0.2, which 
indicates a low contribution from wide pores towards the total porosity. On the other hand, 
activated carbon GSX showed a type IV isotherm, indicative of the presence of micropores and 
mesopores. This is in good agreement with the values shown in Table 6.1, as this is the activated 
carbon with the larger average pore diameter. The carbon nanofibers have a very different 
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structure compared to that of the activated carbons. It showed a type III isotherm, in which 
nitrogen uptake happened mainly at high relative pressures (P/P0 > 0.9). This showed that 
carbon nanofibers are mainly composed of large pores, as shown in Table 6.1. 
 
Figure 6.1. N2 adsorption-desorption isotherms of the selected activated carbons and the 
carbon nanofiber. 
Figure 6.2 shows the nitrogen adsorption-desorption isotherms of the three graphite types 
selected. They all present Type III isotherms with a low amount of nitrogen adsorption. 
Therefore, it can be said that graphites have lower surface areas and larger pores. The isotherm 
of ASP graphite showed a larger amount of nitrogen adsorption compared to the other graphite 
samples for both low and high relative pressures. This shows that this graphite has a larger 
surface area and a smaller average pore diameter. 
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Figure 6.2. N2 adsorption-desorption isotherms of the selected graphites. 
6.3.2. Hydrogen adsorption measurements 
Hydrogen adsorption measurements were performed with all selected carbon materials 
immersed in FLiNaK. In addition, hydrogen adsorption capacity of activated carbon A SUPRA 
and natural graphite was also studied without FLiNaK. This was performed in order to 
investigate the effect that the salt has on the hydrogen adsorption properties of the materials. 
6.3.2.1. Hydrogen adsorption on carbon materials immersed in FLiNaK 
The pressure drops obtained for the different graphites immersed in FLiNaK are shown in 
Figure 6.3. For comparison the drop in pressure obtained with only 50 g of salt is also included 
in the figure. 
It can be observed that the drops in pressure obtained for the experiments with graphites 
followed the same trend; there was a large pressure drop in the first hour of experiment in 
comparison to that obtained with only the salt. This was especially important during the first 
30 minutes. However, any further increment in time resulted in a similar slope to that obtained 
with only FLiNAK salt.  
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Figure 6.3. Pressure drops obtained for the different graphite types immersed in FLiNaK at 
600 ºC and initial pressure of 5.5 bar. 
The pressure drop caused by hydrogen adsorption on graphite was calculated by subtracting 
the pressure drop obtained using only FLiNaK to that obtained with both graphite and salt. As 
the initial amount of hydrogen moles and initial pressure were known, the amount of hydrogen 
moles adsorbed on graphite was calculated using Equation 3.3. The evolution of hydrogen 
adsorption on different graphite types obtained is shown in Figure 6.4. 
It can be observed that ASP synthetic graphite showed the highest adsorption capacity among 
the different graphite types studied. Moreover, the conducting grade graphite adsorbed roughly 
30% less hydrogen under the same operating conditions. The natural graphite showed an 
intermediate hydrogen adsorption capacity. 
Hydrogen adsorption for the three graphites studied took place during the first 90 minutes of 
experiments, the materials were considered to be saturated after that. However, they followed 
a different trend during the first few minutes of experiments. Hydrogen adsorption on natural 
graphite was very quick at the beginning, whereas for the conducting grade graphite showed 
slower kinetics for early stages of experiments. 
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Figure 6.4. Evolution of hydrogen adsorption of different graphite types immersed in 
FLiNaK at 600 ºC and initial pressure of 5.5 bar. 
The hydrogen adsorption capacities obtained for the different graphites were compared with 
their textural properties shown in Table 6.1. According to that, the graphite that showed the 
higher hydrogen adsorption (ASP) was that with the larger surface area and larger pore volume. 
Moreover, the one showing the lower adsorption capacity (conducting grade graphite) was that 
with the opposite properties: lowest surface area and largest average pore diameter.  
The pressure drops obtained with the carbon nanofibers and activated carbons selected are 
displayed in Figure 6.5. It can be seen that the pressure drops for all the carbon materials 
followed a very similar trend. They showed a big pressure decrease during approximately the 
first 40 minutes, and afterwards continued to decrease following a constant slope. 
The drop in pressure was converted into mole changes following the same procedure as that 
explained for the graphites. The evolution of hydrogen adsorption on carbon nanofibers and 
activated carbons is shown in Figure 6.6. It can be observed that hydrogen adsorption capacity 
for all activated carbons and carbon nanofibers was very similar, with the exception of the 
ROW activated carbon in powder form. This material adsorbed roughly 30 % more hydrogen 
than the rest of the activated carbons.  
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Figure 6.5. Pressure drops obtained for the activated carbons and carbon nanofibers 
immersed in FLiNaK at 600 ºC and initial pressure of 5.5 bar. 
It has been reported that hydrogen adsorption capacity of activated carbons at low temperature 
increases linearly with the material surface area [86-88, 115]. However, at high temperature 
this trend was not observed. The activated carbon with the higher surface area (A SUPRA) had 
a similar adsorption capacity to that calculated for GSX activated carbon, whose surface area 
is more than 50 % lower. It has been reported in the literature that hydrogen adsorption on 
activated carbon is favoured with an increase in micropore surface area, total pore volume and 
micropore volume [85]. However, the activated carbon that showed better hydrogen adsorption 
did not present a large pore volume or a small average pore diameter in comparison with the 
other materials studied.  
It can be seen that although the carbon nanofibers had a very small surface area, the hydrogen 
adsorption capacity shown was similar to those obtained with activated carbons. This material 
has a very different structure in comparison with the activated carbon. Carbon nanofibers are 
produced from the dissociation of carbon-containing gases over selected metal surfaces, 
obtaining diameters between 5 and 500 nm, and these nanosized dimensions make them 
interesting candidates for numerous applications [116]. Actually, some carbon nanofibers 
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showed greater hydrogen adsorption capacities than activated carbon at room temperature 
[121].  
 
Figure 6.6. Evolution of hydrogen adsorption of activated carbons and CNF immersed in 
FLiNaK at 600 ºC and initial pressure of 5.5 bar. 
The hydrogen adsorption capacities calculated for all carbon materials studied are given in 
Table 6.2. The values are given as the amount of hydrogen moles adsorbed per mass of carbon 
as well as surface area of sample. The relative errors of the experiments were calculated 
following the procedure explained in Section 4.3.2. The error in the measurement of surface 
area was assumed negligible. Therefore, the relative error was equivalent for both values 
included in the table. 
There is a clear difference between the graphites and the activated carbons. The latter adsorbed 
around four to five times more hydrogen than the graphites per mass of sample, which is in 
good agreement with the results obtained in Chapter 4. In addition, large relative errors were 
obtained for the hydrogen adsorption capacities of conducting grade and ASP graphites. 
Therefore, it can be said that the difference between the adsorption capacities obtained for the 
different graphite types was within the experiment error range. Likewise, all activated carbons 
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and carbon nanofibers, with the exception of the ROW activated carbon in powder form, 
exhibited similar adsorption capacities. In this case as well, the differences between the 
measurements were considered to be within experimental error. 
Table 6.2. Hydrogen adsorption capacity of the selected carbon materials immersed in FLiNaK and 
initial pressure of 5.5 bar. 
Hydrogen 
adsorption 
A 
SUPRA 
ROW 
GSX CNF 
Natural 
graphite 
Conducting 
graphite 
ASP 
graphite pellet powder 
(10-4molH2·gC
-1) 4.45 4.84 5.84 4.26 4.60 1.05 0.94 1.21 
(10-6molH2·mC
-2) 0.24 0.37 0.40 0.52 11.8 26.25 31.33 10.08 
Error (%) 7.4 5.2 5.5 5.9 12.9 6.7 17.0 12.4 
On the other hand, carbon nanofibers and graphites studied adsorbed at least one order of 
magnitude more hydrogen than the activated carbons per surface area of sample. This is in 
good agreement with the results obtained for the different activated carbons: an increase in 
surface area of the materials did not result in a higher hydrogen adsorption capacity for the 
experimental conditions and carbon materials selected. 
6.3.2.2. Direct hydrogen adsorption on activated carbon and graphite 
The evolution of hydrogen adsorption on activated carbon for the fresh and spent materials is 
shown in Figure 6.7. The figure also includes the hydrogen adsorption obtained when the 
activated carbon was immersed in FLiNaK for comparison. 
Hydrogen adsorption capacity of activated carbon increased by an order of magnitude when it 
was immersed in molten salt comparing to the fresh sample. On the other hand, the spent 
activated carbon showed intermediate results, obtaining a hydrogen adsorption capacity more 
than twice higher than that of the fresh material. This clearly showed that the properties of the 
material changed after being in contact with the FLiNaK salt at high temperature. This is further 
discussed in Section 6.4. 
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Figure 6.7. Evolution of hydrogen adsorption on activated carbon with and without FLiNaK 
at 600 ºC and initial pressure of 5.5 bar. 
Hydrogen adsorption on fresh and spent activated carbons that were directly in contact with 
hydrogen happened quickly: equilibrium was reached after approximately 10 minutes of 
experiments. However, when the carbon material was immersed in FLiNaK, hydrogen 
adsorption process was slower, and the system needed roughly 90 minutes to reach equilibrium. 
As it was presented in Section 4.3.2. (Figure 4.4), the system needed around 80 minutes to 
saturate FLiNaK salt with hydrogen at 600 ºC and an initial pressure of 5.5 bar. Therefore, this 
showed that the rate limiting step for hydrogen adsorption on activated carbon immersed in 
FLiNaK is the dissolution and diffusion in the molten salt. 
The evolution of the hydrogen adsorptions for the natural graphite in the presence and absence 
of FLiNaK is presented in Figure 6.8. It can be observed that graphite followed a similar 
behaviour as activated carbon. Hydrogen adsorption capacity of graphite was increased by 
more than an order of magnitude when it was immersed in FLiNaK salt. This shows that 
FLiNaK had a positive impact on hydrogen adsorption capacity of both activated carbon and 
graphite. 
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Figure 6.8. Evolution of hydrogen adsorption on graphite with and without FLiNaK at 
600 ºC and initial pressure of 5.5 bar. 
In this case, hydrogen adsorption happened faster when graphite was directly in contact with 
the gas. Figure 6.8 shows that hydrogen adsorption did not happen until a couple of minutes 
after the start of the experiment. This is thought to be due to experimental errors, as the pressure 
decrease caused by hydrogen adsorption was very low, and therefore, a small disturbance in 
the pressure reading had a big impact on the evolution of hydrogen adsorption obtained. 
Approximately 80 minutes were required to reach equilibrium when it was immersed in 
FLiNaK. This shows that the rate limiting step for the hydrogen adsorption on graphite 
immersed in FLiNaK was hydrogen dissolution and diffusion in salt. 
Hydrogen adsorption capacities obtained for activated carbon and graphite directly in contact 
with hydrogen gas are shown in Table 6.3. This included the estimated errors of measurement 
calculated following the same procedure as before. It can be observed that the measurement 
errors were very high in this case. Actually, the hydrogen adsorption capacity calculated for 
the graphite directly in contact with hydrogen showed an error of 67 % of its value. This was 
due to the small pressure drop caused by hydrogen adsorption on graphite. 
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Table 6.3. Hydrogen adsorption capacity of the fresh and spent activated carbon and 
graphite without FLiNaK at 600 ºC and initial pressure of 5.5 bar. 
 Activated Carbon 
Graphite 
Fresh Spent 
Hydrogen adsorption 
(10-5 molH2gC
-1) 
5.90 
(± 2.24) 
14.77 
(± 4.30) 
0.91 
(± 0.61) 
6.3.3. Characterization of spent carbon materials 
The carbon materials used in the hydrogen adsorption experiments with FLiNaK were 
recovered after experiments. They were characterized to understand the structural changes that 
occurred in the material after being in contact with molten salt at 600 ºC. Once cooled down, 
FLiNaK salt was solidified as a block. Therefore, in order to recover the carbon samples, the 
salt was removed by taking the solidified salt block out of the crucible and the carbon samples 
were recovered from the bottom of the crucible. The materials recovered were sieved to remove 
any salt remaining. This was not done for the ROW activated carbon in pellet form due to its 
large particle size. 
6.3.3.1. Characterization of the textural properties 
The recovered carbon materials, denoted as spent, were characterized through nitrogen 
adsorption-desorption isotherms. The textural properties of all the fresh and spent carbon 
materials are shown in Table 6.4. In addition, the activated carbon and graphite recovered after 
the hydrogen adsorption experiments without FLiNaK were also characterized, and were 
denoted as spent H. The nitrogen adsorption-desorption isotherms obtained are shown 
Appendix A.4 
The activated carbon and graphite recovered after the hydrogen adsorption experiments without 
salt did not show any changes in their textural properties. This shows that exposure to high 
temperature or a hydrogen rich environment did not change their structure. 
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Table 6.4. Textural properties of the fresh and spent carbon materials determined by N2 
adsorption-desorption. Spent H refers to a sample recovered after an experiment with only 
hydrogen and spent F after an experiment with hydrogen and FLiNaK salt. 
  Sample SBET (m
2·g-1) 
Total pore 
volume (cm3·g-1) 
Average pore 
diameter (nm) 
AC A SUPRA  
Fresh 1875 0.35 3.3 
Spent H 1899 0.35 3.3 
Spent F 1211 0.21 3.4 
AC ROW pellets 
Fresh 1313 0.12 3.5 
Spent F 759 0.06 3.7 
AC ROW powder 
Fresh 1473 0.18 3.9 
Spent F 463 0.08 5.5 
AC GSX 
Fresh 812 0.54 7.0 
Spent F 609 0.40 7.1 
Carbon Nanofibers 
Fresh 39 0.18 26.3 
Spent F 28 0.13 21.9 
Natural graphite 
Fresh 4 0.04 38.9 
Spent H 4 0.04 38.9 
Spent F 4 0.04 33.3 
Conducting grade 
graphite 
Fresh 3 0.03 59.7 
Spent F 1 0.01 111.4 
ASP graphite 
Fresh 12 0.08 25.9 
Spent F 9 0.06 21.4 
However, most samples that were recovered after being immersed in FLiNaK showed a large 
reduction in their surface area. For the activated carbons and carbon nanofibers the surface area 
was reduced from 25 to 40 %. The greatest reduction in surface area was observed for activated 
carbon ROW in powder form as it was reduced by almost 70%. On the other hand, the 
difference in surface areas measured for the fresh and spent graphite types were within the 
measurement error of the techniques. 
The salt did not have such a big impact on the average pore diameters of the carbon materials 
studied. It can be observed that for activated carbons only ROW type in powder form showed 
an important change on its average pore size, which increased if compared with the fresh 
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sample. The opposite occurred for carbon nanofibers where the average pore size decreased 
after being in contact with FLiNaK. The different graphite types studied did not follow the 
same trend, as the average pore size decreased for the natural and ASP graphite, while the 
average pore diameter of the spent conducting grade graphite was twice the size of the fresh 
sample. 
The total pore volume of most materials was reduced, and the relative decrease was comparable 
to that of the surface area. The data shown in Table 6.4 suggests that part of the FLiNaK 
deposited on the surface of the materials, blocking some of the pores, and reducing the total 
pore volume and the surface area. It is thought that salt deposition on carbon surfaces caused 
the change in the average pore sizes of the materials. 
The material that showed the larger decrease in surface area was the ROW type activated 
carbon in powder form, which was also the carbon material that showed the higher hydrogen 
adsorption capacity. Therefore, the activated carbon properties that make hydrogen adsorption 
capacity large could also lead to more salt deposited on its surface and the subsequent greater 
reduction in surface area. 
6.3.3.2. Scanning electron microscopy and energy dispersive X-ray spectroscopy 
Scanning electron microscopy (SEM) and energy dispersive X-Ray spectroscopy (EDX) 
analysis were performed. This was done to further analyse how the structure of the carbon 
materials change after being immersed in FLiNaK at high temperature. SEM was used to 
observe the morphology of the materials and when used in conjunction with EDX the elemental 
chemical composition was obtained. 
The materials selected to perform these analysis were activated carbon A SUPRA and the 
carbon nanofibers, where the fresh and spent samples were analysed. Figure 6.9 shows SEM 
images of the fresh and spent activated carbon. 
EDX analysis was performed in the areas numbered in Figure 6.9 and the spectra obtained are 
shown in Figure 6.10. Comparing the SEM images of the fresh and spent activated carbon it 
can be observed that the structure of the materials did not change after being immersed in 
FLiNaK. However, it can be seen in Figure 6.9.c that in the spent activated carbon some large 
particles appeared. This area was analysed with EDX (Figure 6.10.2), and it showed two peaks 
related to the presence of potassium, and a small peak related to fluorine. In addition, it showed 
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a large peak of carbon, which was the main peak that appeared on the EDX analysis performed 
on the fresh sample (Figure 6.10.1). The other peaks showed in that image were very small 
comparing to the one of carbon, and were assumed to be noise.  
 
Figure 6.9. SEM images of (a, b) fresh activated carbon and (c, d, e, f) activated carbon after 
an experiment with FLiNaK at 600 ºC. Numbers 1 to 5 refer to the positions were EDX 
analysis was performed (shown in Figure 6.10). 
The rest of the EDX analysis performed in the spent activated carbon (numbers 3, 4 and 5) was 
done in areas that appeared to have a similar structure and composition of the fresh sample. 
The EDX analysis 4 and 5 showed a similar composition, having peaks of similar magnitude 
for carbon and potassium.  
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Figure 6.10. EDX analysis fresh activated carbon and activated carbon after an experiment 
with FLiNaK at 600 ºC. The numbers refer to the SEM images in Figure 6.9. 
On the other hand, Figure 6.10.3 shows a broader composition profile. It presents a large 
potassium peak, and other small peaks related to sodium and fluorine, which is thought to be 
caused by the salt. In addition, the sample showed the presence of other compounds such as 
chromium, iron and silicon, which suggests that the sample could have been contaminated 
during the recovery process. These results showed that FLiNaK doped the activated carbon 
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with mainly potassium. It appeared that the doping was done about uniformly throughout the 
surface of the activated carbon, although there were some spots with higher concentration of 
potassium. 
Figure 6.11 shows SEM images of the fresh and spent carbon nanofibers. EDX analysis was 
performed in the areas numbered in Figure 6.11 and the spectra obtained are shown in Figure 
6.12. SEM images of the fresh carbon nanofibers showed the fibrous structure of the sample. 
This can clearly be observed in Figure 6.11.b. However, the images of the spent samples 
showed a smoother structure, which might have been caused by a slight compression of the 
sample after having been exposed to high temperature. The fresh nanofibers have filaments 
unlike the spent samples. 
 
Figure 6.11. SEM images of (a, b) fresh carbon nanofibers and (c, d) carbon nanofibers after 
an experiment with FLiNaK at 600 ºC. 
EDX analysis of the fresh carbon nanofibers showed that it was mainly composed of pure 
carbon. On the other hand, the analysis performed on the spent samples showed similar spectra 
as those obtained spent activated carbon. Large potassium peaks and small sodium and fluorine 
peaks appeared. This shows that the carbon nanofibers incorporated some FLiNaK ions, mainly 
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potassium, after being in contact with it at high temperature. The analysis also showed that the 
potassium was spread quite uniformly throughout the sample. 
 
Figure 6.12. EDX analysis fresh CNF and CNF after an experiment with FLiNaK at 600 ºC. 
The numbers refer to the SEM images in Figure 6.11. 
Some researchers have reported that hydrogen storage on carbon materials is enhanced by 
doping the sample with impurity atoms such as boron, nitrogen or alkali/transition metals [117, 
S
C
0 1 2 3 4 5 6 7 8 9 10
keVFull Scale 3734 cts Cursor: 0.000 
Spectrum 1
O S
C
0 1 2 3 4 5 6 7 8 9 10
keVFull Scale 4698 cts Cursor: 0.000 
Spectrum 2
KF
K
C
K
0 1 2 3 4 5 6 7 8 9 10
keVFull Scale 1477 cts Cursor: 0.000 
Spectrum 2
C
K
F
K
K
0 1 2 3 4 5 6 7 8 9 10
keVFull Scale 517 cts Cursor: 0.000 
Spectrum 4
Na
F K
K
C
K
0 1 2 3 4 5 6 7 8 9 10
keVFull Scale 953 cts Cursor: 0.000 
Spectrum 1
1
2
3
4
5
Hydrogen Adsorption on Different Carbon Materials Immersed in FLiNaK 
 
142 
122-124]. Hydrogen adsorption can be enhanced with the incorporation of transition metals, 
such as platinum, palladium or nickel, by hydrogen spillover effect [125]. This refers to the 
dissociation of the hydrogen molecules into atoms by transition metals and subsequent 
diffusion of these atoms to the host material, in which hydrogen atoms can hydrogenate the 
unsaturated C-C bonds [125, 126]. In addition, potassium has also been used as a promoter for 
hydrogenation catalyst [127-129].  
As previously shown, hydrogen adsorption capacity of activated carbon was enhanced when it 
was immersed in FLiNaK. In addition, SEM and EDX analysis showed that the salt doped the 
activated carbon with potassium. Therefore, it is thought that the addition of potassium could 
be the reason of the increase in hydrogen adsorption, which could happen by hydrogen spillover 
effect. 
6.4. Conclusions 
The hydrogen adsorption capacity of three graphite grades, one carbon nanofiber and three 
activated carbons when immersed in FLiNaK was studied. One of the activated carbons was 
studied as pellet and powder form. The activated carbons selected had very different textural 
properties; however, most of them showed a similar hydrogen adsorption capacity. ROW 
activated carbon in powder form was the sample that showed the higher adsorption capacity, 
20 % more than the other activated carbon with highest adsorption capacity. Some researchers 
reported that hydrogen adsorption capacity at room temperature linearly increases with surface 
area. However, this trend was not shown in these results as the activated carbon that showed 
the higher adsorption capacity was not the one with the larger surface area. On the other hand, 
the carbon nanofibers had a much smaller surface area than the activated carbons, but they 
showed a similar hydrogen adsorption capacity. The three graphite types studied also showed 
similar results. In all the cases the hydrogen adsorption capacities obtained for the activated 
carbons were 4 to 6 times higher than those calculated for the different graphites. 
Hydrogen adsorption capacity of one type of activated carbon and graphite was also studied 
when they were directly in contact with hydrogen. It was found that the amount of hydrogen 
adsorbed was approximately one order of magnitude higher when both carbon materials were 
immersed in FLiNaK. This activated carbon was recovered after an experiment with the salt, 
and its adsorption capacity was measured without the salt. It showed intermediate results. 
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Therefore, this showed that the presence of FLiNaK enhanced the hydrogen adsorption 
capacity of the samples. 
The carbon samples were recovered after the experiments, and they were characterized to study 
the effect of the salt on their structure. The surface area and pore volume of the carbon materials 
decreased after the experiment with FLiNaK. This suggests that the salt deposited on the 
surface blocking some of the pores, and therefore reducing the surface area. On the other hand, 
SEM and EDX analysis showed the presence of compounds of the salt, mainly potassium, on 
the spent carbon samples. This suggests that the carbon materials were doped with potassium. 
Therefore, it is thought that the addition of potassium on the carbon materials enhance their 
hydrogen adsorption capacity by a mechanism such as hydrogen spillover effect. 
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Chapter 7. Deuterium Adsorption on Activated 
Carbon and Graphite Immersed in FLiNaK 
 
In this chapter studies on deuterium dissolution in FLiNaK and its adsorption on carbon 
materials immersed in the salt are introduced in order to investigate the isotope effect. These 
experiments along those presented in Chapter 4 were used to estimate the parameters that 
would describe tritium solubility in FLiNaK and adsorption on carbon materials. 
7.1. Introduction 
The overall objective of this thesis is to assess whether tritium can be effectively removed from 
FHRs by adsorbing it on carbon materials. As tritium is radioactive, hydrogen was used for the 
experiments performed in Chapters 4 and 6 due to the similar physical properties of the two 
isotopes. Hydrogen solubility in FLiNaK and adsorption capacity on carbon materials 
immersed in the salt was investigated in the previous chapters. This was thought to provide a 
good approximation for the solubility and adsorption capacity of tritium. However, this 
information might not be accurate enough to estimate the amount of tritium that could be 
removed from FHRs using the carbon materials studied. 
Hydrogen has three naturally occurring isotopes. The most abundant one consists of only a 
single proton and it is called protium, although it is commonly known as hydrogen. The second 
one has one proton and one neutron and it is called deuterium. The third one is tritium, and it 
has two neutrons and one proton. Only the first two isotopes occur naturally. For most elements 
the differences in mass between their isotopes represent a small fraction of their total mass, and 
therefore they have a small effect on their physical and chemical properties. However, this is 
not the case for hydrogen, as deuterium and tritium with double and triple mass show 
significantly different properties. 
The atomic mass of deuterium is intermediate between those of hydrogen and tritium. 
Therefore, it shows intermediate properties between these two isotopes. The aim of this chapter 
is to study the difference in solubility in FLiNaK and adsorption on carbon materials obtained 
when deuterium is used instead of hydrogen. If these properties are assumed to have a linear 
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dependency with the isotope mass, the values obtained for hydrogen and deuterium can be 
extrapolated to estimate tritium solubility in FLiNaK and adsorption on carbon materials. 
7.2. Experimental 
The carbon materials selected for adsorption experiments were A SUPRA activated carbon and 
natural graphite, which were also studied in Chapter 4. The textural properties of the activated 
carbon and graphite are shown in Table 6.1. Four different experiments were performed with 
deuterium: a blank only involving contact with the Ni crucible, a dissolution experiment in 
50 g of FLiNaK, and two dissolution plus adsorption experiments, which used 50 g FLiNaK 
each, one with 2 g of AC and the other employing 6 g of graphite. Each experimental procedure 
is further explained in Section 4.2. 
These experiments were performed at 600 ºC and an initial pressure of 5.5 bar. These operating 
conditions were selected as the same experiments with hydrogen were performed at the same 
conditions. Deuterium gas used had a purity of 99.8 % and it was provided by BOC. Each 
experiment was repeated three times, and the results shown in this Chapter were obtained using 
the average pressure drops obtained from the three experiments performed. 
7.3. Results 
7.3.1. Pressure drops  
The pressure drops as a function of time obtained for the four experiments performed are shown 
in Figure 7.1. The trends were similar to those obtained with hydrogen: each experiments 
showed a distinct pressure drop during approximately the first 100 minutes of experiment, 
however, any further increment in time resulted in similar slope of the pressure drop curves for 
all experiments.  
As could be expected, the pressure drop obtained for the experiment with FLiNaK salt was 
higher than that obtained having only the nickel crucible in the vessel. This difference in 
pressure drops was related to deuterium dissolution in FLiNaK salt. Likewise, pressure drop 
obtained with the salt and either activated carbon or graphite was higher than the one obtained 
with only the salt, which was the result of deuterium adsorption on the carbon materials.  
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Figure 7.1. Pressure drops obtained for the experiments performed with deuterium at 600 ºC 
and an initial pressure of 5.5 bar. 
The pressure drop for the ‘blank + Ni’ experiment showed a large pressure drop during the first 
few minutes. After approximately the first 5 minutes the pressure decreased following a 
constant slope with time. The same trend was observed with hydrogen gas under these 
conditions. In that case, the pressure drop obtained after 200 minutes was 0.54 bar, whereas 
the pressure drop with deuterium gas was 0.49 bar. As explained in Section 4.3.1.1, the pressure 
drops obtained for the blank experiment were thought to be caused by a combination of two 
factors: hydrogen permeation though the vessel and tubing walls and a decarburization process 
of the stainless steel.  
The lower pressure drop obtained with deuterium than the one obtained with hydrogen is in 
good agreement with results reported by Lee et al. [130], who measured the permeability of 
hydrogen and deuterium in 316L stainless steel, and found that at 600 ºC the permeability of 
hydrogen was approximately 50 % higher than that of deuterium.  
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7.3.2. Deuterium dissolution in FLiNaK 
The pressure drop caused by deuterium dissolution in FLiNaK was calculated following the 
methodology explained in section 4.3.1.2. The pressure drop was converted into mole change 
using Equation 3.3, where the initial amount of deuterium moles in the gas phase was estimated 
following the procedure explained in section 3.2.3. 
 
Figure 7.2. Evolution of hydrogen and deuterium dissolution in FLiNaK at 600 ºC and 
an initial pressure of 5.5 bar. 
The evolution of deuterium dissolution in FLiNaK obtained is shown in Figure 7.2. As a matter 
of comparison, the evolution of hydrogen dissolution in the salt obtained in Chapter 4 was also 
included in the figure. In addition, the dynamic dissolution of deuterium in FLiNaK was 
modelled using the Fickian diffusion model developed in Chapter 5. A parameter estimation 
was performed in gPROMS in order to obtain a model that described the experimental data. 
The estimated parameters were deuterium solubility and diffusivity constants in FLiNaK. The 
simulated deuterium and hydrogen dissolution in FLiNaK are also included in Figure 7.2. 
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It can be observed that the amount of deuterium dissolved in FLiNaK at equilibrium was more 
than twice that of hydrogen. However, both isotopes showed a similar dissolution profile, with 
high dissolution kinetics during the first stage of experiment and reaching equilibrium in 
approximately 100 minutes of experiment.  
The modelled evolution of deuterium dissolution in FLiNaK gave a close description of the 
experimental data. However, the model slightly overestimated the amount of deuterium 
dissolved in the salt during the first 20 minutes, and the model prediction was slightly higher 
than the experimental data for roughly the subsequent 40 minutes.  
Henry’s solubility constant of deuterium dissolution in FLiNaK was calculated using the 
equilibrium data shown in Figure 7.2. This value is shown in Table 7.1, along with its estimated 
error calculated using the procedure explained in Section 4.3.2. In addition, the table also 
includes the diffusivity of deuterium in FLiNaK estimated using gPROMS, along with the error 
of the parameter according to the 95 % confidence interval provided by gPROMS. The 
solubility constant estimated was not included as it was very similar to the experimental one. 
For comparison, hydrogen solubility and diffusivity constants in FLiNaK were also included 
in Table 7.1. 
Table 7.1. Hydrogen and deuterium solubility constants in FLiNaK at 600 ºC and an initial 
pressure of 5.5 bar. Diffusivity error based on 95 % confidence interval. 
 Hydrogen Deuterium 
KFLiNaK (mol∙m-3FLiNaK∙Pa-1) 2.6·10
-5 (±1.04·10-5) 7.4·10-5 (±1.70·10-5) 
DFLiNaK (m
2∙s-1) 2.27·10
-8 (± 1·10-10) 1.87·10-8 (± 5·10-11) 
As can be predicted from Figure 7.2, solubility of deuterium was roughly 1.8 higher than that 
of hydrogen. The experimental error in the solubility of deuterium in FLiNaK was around 23 % 
of its value. Although this error was relatively large, it was small in comparison with the 
difference between measured hydrogen and deuterium solubilities. 
On the other hand, the diffusivity estimated for deuterium was lower than the one of hydrogen. 
This trend was expected based on the classical diffusion theory that predicts that diffusivity for 
two particles with different masses could be corrected according to Equation 7.1, where D1 and 
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D2 denote the diffusivity of each particle, and m1 and m2 refer to their molecular mass. This is 
known as the “isotope effect” [105]. Using this equation it was possible to estimate the 
diffusivity of deuterium in FLiNaK using the value obtained with hydrogen. The diffusivity of 
deuterium estimated using this approach would be 1.61·10-8 m2∙s-1. Although the actual 
measured value was 15 % higher than the estimated value, it can be said that Equation 7.1 gave 
a relatively good estimation of the real diffusivity value. 
                                                             D2 = D1 ∙ √
m1
m2
 (7.1) 
The solubility of different hydrogen isotopes in fluoride salts has never been studied before. 
However, Edao et al. [29] studied hydrogen and deuterium solubility and diffusivity in a 
lithium-lead eutectic alloy (Li17Pb83), which is one of the most promising candidates for liquid 
blanket materials in fusion reactors. They found that the solubility of deuterium in the liquid 
Li-Pb was approximately 1.4 times higher than that of hydrogen for their range of temperatures 
studied (300-700 oC). On the other hand, they found that the difference in diffusivity between 
hydrogen and deuterium was very small. Actually, they obtained that diffusivity of deuterium 
was higher for temperatures below 500 ºC, whereas for higher temperatures hydrogen 
diffusivity was slightly higher. As can be seen in Table 7.1, the isotope effect in FLiNaK was 
similar to that in Li-Pb: measured deuterium solubility in FLiNaK was roughly 1.8 times that 
of hydrogen and diffusivity of hydrogen in the salt was slightly higher than that of deuterium. 
7.3.3. Deuterium adsorption on activated carbon and graphite immersed in FLiNaK 
The evolution of deuterium adsorption on activated carbon and graphite immersed in FLiNaK 
is shown in Figure 7.3 and Figure 7.4, respectively. Once again, the evolutions of hydrogen 
adsorption on the carbon materials obtained in Chapter 4 were also included in the figures. In 
addition, the evolution of deuterium adsorption on activated carbon was simulated using the 
model developed in Section 5.3. In order to do so, deuterium solubility (KFLiNaK,D2) and 
diffusivity (DD2,FLiNaK) constants in FLiNaK shown in Table 7.1 were used. However, the 
maximum deuterium adsorption capacity on activated carbon (CD,max) and both kinetic 
constants (ka and kd) describing adsorption dynamics are unknown. Deuterium adsorption on 
activated carbon immersed in FLiNaK was only studied at one temperature and pressure. As 
explained in Section 5.3, the data available were not enough to estimate the unknown 
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parameters, due to the large correlation shown between them. In order to assess whether there 
is a large difference between the parameters for hydrogen and deuterium, the system was 
modelled using the three parameters estimated for hydrogen (shown in Table 5.4). The 
evolution of hydrogen and deuterium adsorption on activated carbon obtained by simulating 
the model is also included in Figure 7.3. 
 
Figure 7.3. Evolution of hydrogen and deuterium adsorption on activated carbon immersed in 
FLiNaK at 600 ºC and an initial pressure of 5.5 bar. 
It can be observed that activated carbon adsorbed more deuterium than hydrogen under the 
same operating conditions. The deuterium adsorption capacity of the activated carbon was 
20 % higher than the hydrogen one. This is due to the higher solubility obtained for deuterium. 
In fact, deuterium adsorption capacity obtained through modelling assuming the same 
solubility as hydrogen very closely matched the one experimentally obtained. Therefore, this 
shows that the difference in adsorption capacity obtained is exclusively driven by solubility. 
In addition, it can be seen that adsorption on activated carbon happened quicker for deuterium 
than for hydrogen. Deuterium adsorption reached equilibrium after approximately 40 minutes, 
whereas hydrogen needed roughly double that time. However, the model gave a relatively good 
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prediction for the kinetics of deuterium adsorption. Therefore, the prediction given by the 
model was considered relatively accurate, which means that adsorption kinetics, and therefore 
adsorption isotherms, were considered similar for hydrogen and deuterium. 
Deuterium adsorption capacity on activated carbon has never been investigated before. 
However, the results showed in Figure 7.3 are in good agreement with those reported by Chu 
et al. [131] who measured hydrogen and deuterium adsorption on carbon molecular sieve at 
77 K, and obtained a higher adsorption capacity for deuterium. 
As can be observed in Figure 7.4, the amount of deuterium adsorbed on graphite was lower 
than the one obtained for hydrogen. This shows that graphite followed the opposite trend to 
that obtained with activated carbon. However, adsorption on graphite happened quicker for 
deuterium than for hydrogen, which was also the case for the activated carbon. 
 
Figure 7.4. Evolution of hydrogen and deuterium adsorption on graphite immersed in 
FLiNaK at 600 ºC and an initial pressure of 5.5 bar. 
Hydrogen and deuterium adsorption capacities obtained for graphite and activated carbon are 
included in Table 7.2 along with the estimated measurement errors. It can be seen that estimated 
experimental errors were larger for deuterium than for hydrogen. For the activated carbon the 
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relative error of the obtained deuterium adsorption capacity represented 13 % of its value. 
However, the difference between the adsorption capacities obtained for the two isotopes was 
larger than the experimental errors. On the other hand, the relative error for deuterium 
adsorption capacity on graphite was 22 %, which was larger than the difference in adsorption 
capacities obtained for the two isotopes. Therefore, it can be said that the difference between 
the adsorption capacities obtained for hydrogen and deuterium on graphite was within the 
experimental error. 
Table 7.2. Hydrogen and deuterium adsorption capacities of activated carbon and graphite 
immersed in FLiNaK at 600 ºC and an initial pressure of 5.5 bar. 
 Hydrogen Deuterium 
SAC (mol·gAC
-1) 4.46·10-4 (±1.0·10-5) 5.33·10-4 (±7.0·10-5) 
Sgraphite (mol·ggraphite
-1) 1.03·10-4 (±6.5·10-6) 9.18·10-5 (±2.0·10-5) 
The activated carbon and graphite were recovered after experiments and their textural 
properties were determined by nitrogen adsorption-desorption isotherms. These samples are 
denoted as spent D. The results obtained are shown in Table 7.3. The textural properties of the 
samples recovered after performing the same experiment with hydrogen are also included in 
the table. These samples are denoted as spent H. 
Table 7.3. Textural properties of the fresh and spent activated carbon and graphite determined 
by N2 adsorption-desorption. 
   Sample SBET (m
2·g-1) 
Total pore volume 
(cm3·g-1) 
Average pore 
diameter (nm) 
AC A SUPRA  
Fresh 1875 0.35 3.3 
Spent H 1211 0.21 3.4 
Spent D 1204 0.24 3.5 
Natural graphite 
Fresh 4 0.04 38.9 
Spent H 4 0.04 33.3 
Spent D 4 0.04 31.4 
Deuterium Adsorption on Activated Carbon and Graphite Immersed in FLiNaK 
 
153 
As can be observed, the textural properties of the activated carbons recovered after hydrogen 
and deuterium adsorption experiments were similar. Both showed a large decrease on the 
surface area and total pore volume. The differences shown between the surface area and 
average pore diameter determined for both spent activated carbons were within the 
experimental error of the measurement. On the other hand, the total pore volume of the spent 
sample after the experiment with deuterium was slightly larger, which suggests that deposition 
of FLiNaK could have blocked more pores after the experiment performed with hydrogen. 
Based on the results shown in Table 7.3 it appears that the change on the textural properties of 
the sample was caused by the salt. It is though that the difference shown between the 
experiments performed with different isotopes was due to the salt depositing in a slightly 
different manner, and not due to the difference in the gas used. In addition, the average pore 
diameters of both spent graphites were slightly different, which was also thought to be due to 
the presence of the salt. 
7.4. Extrapolation to tritium parameters 
7.4.1. Tritium solubility in FLiNaK 
Tritium solubility in FLiNaK was estimated using the data obtained for hydrogen and 
deuterium. In order to do so, solubility was assumed to increase linearly with the mass of the 
isotope. In addition, diffusivity of tritium in FLiNaK was also estimated following the same 
approach. The estimated tritium solubility and diffusivity in FLiNaK are shown in Table 7.4 
along with the values obtained for hydrogen and deuterium. 
Table 7.4. Solubilities and diffusivities of hydrogen isotopes in FLiNaK at 600 ºC. 
 Hydrogen Deuterium Tritium 
KFLiNaK (mol∙m-3FLiNaK∙Pa-1) 2.61·10
-5 7.38·10-5 1.21·10-4 
DFLiNaK (m
2∙s-1) 2.27·10
-8 1.87·10-8 1.47·10-8 
As can be observed, the estimated solubility of tritium in FLiNaK was almost five times larger 
than the one of hydrogen. On the other hand, diffusivity of tritium in the salt was lower than 
the one of the other two isotopes. This is in good agreement isotope effect predicted by the 
Deuterium Adsorption on Activated Carbon and Graphite Immersed in FLiNaK 
 
154 
classical diffusion theory, which states that diffusivity for two particles with different masses 
could be calculated using Equation 7.1. Moreover, the diffusivity of tritium in FLiNaK was 
also estimated taking into account the isotope effect shown in Equation 7.1. Two diffusivity 
values were estimated using the data obtained for hydrogen and deuterium separately, as the 
equation only allows to have one original value, and the other is estimated based on the 
difference in their mass. The diffusivity values obtained using hydrogen and deuterium values 
were 1.31·10-5 and 1.53·10-5 m2∙s-1, respectively. As shown in Table 7.4, tritium diffusivity 
estimated using the values of the other two isotopes and assuming a linear relation with mass 
lies in the range of values estimated using each value separately. 
 
Figure 7.5. Evolution of dissolution of hydrogen isotopes in FLiNaK simulated for a 
temperature of 600 ºC and an initial pressure of 5.5 bar. 
The evolution of the dissolution of hydrogen isotopes in FLiNaK simulated using the 
parameters shown in Table 7.4 is shown in Figure 7.5. For this case pressure losses due to 
permeation of hydrogen isotopes (Ploss) was considered negligible, as experimental data are 
only available for hydrogen and deuterium. It can be observed that, as previously mentioned, 
solubilities in FLiNaK greatly differ for different hydrogen isotopes. In addition, the figure 
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shows the effect of diffusivity on the kinetics of dissolution. Tritium needs longer to reach 
equilibrium than the other two isotopes as it had the lowest diffusion parameter. In fact, 
approximately double the time is needed to saturate FLiNaK with tritium than with hydrogen. 
7.4.2. Tritium adsorption on activated carbon and graphite 
As shown in Section 7.3.3, activated carbon immersed in FLiNaK adsorbed more deuterium 
than hydrogen for the same operating conditions. As previously mentioned, this was thought 
to be due to the higher solubility obtained for deuterium in the molten salt. Deuterium 
adsorption on activated carbon was simulated using deuterium solubility and diffusivity shown 
in Table 7.1, and the maximum adsorption capacity (CH,max) and kinetic constant (ka and kd) 
describing adsorption dynamics obtained for hydrogen (shown in Table 5.4). The evolution of 
deuterium adsorption obtained using the model closely described the experimental data 
obtained, as was shown in Figure 7.3. Therefore, the maximum adsorption capacity and kinetic 
constants were considered to be equivalent for hydrogen and deuterium. 
 
Figure 7.6. Simulation of the evolution of the adsorption of hydrogen isotopes on activated 
carbon immersed in FLiNaK at 600 ºC and an initial pressure of 5.5 bar. 
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Based on that, the maximum adsorption capacity and the two kinetic constants needed to 
simulate the model developed in Section 5.3 were considered equal for the three hydrogen 
isotopes. Therefore, the evolution of tritium adsorption was simulated in gPROMS using the 
adsorption parameters estimated for hydrogen (Table 5.3) and the solubility and diffusivity 
estimated for tritium (Table 7.4). Figure 7.6 shows a comparison of the simulated adsorption 
of hydrogen isotopes on activated carbon. The obtained tritium adsorption capacity of activated 
carbon is shown in Table 7.5. As can be observed, the adsorption capacity of the isotopes is 
higher for heavier isotopes. This was expected because the solubility of these isotopes in 
FLiNaK was also found to increase with their mass. However, the adsorption capacity obtained 
for the different hydrogen isotopes did not increase linearly with their mass. This is due to fact 
that the amount of gas adsorbed and its solubility in the salt are related by a Langmuir 
adsorption isotherm, and is not a linear trend. 
Table 7.5. Adsorption capacities of hydrogen isotopes on activated carbon and graphite 
immersed in FLiNaK at 600 ºC and an initial pressure of 5.5 bar. 
 Hydrogen Deuterium Tritium 
SAC (mol·gAC
-1) 4.46·10-4 5.33·10-4 5.72·10-4 
Sgraphite (mol·ggraphite
-1) 1.03·10-4 9.18·10-5 8.06·10-5 
The parameters needed to model adsorption of hydrogen isotopes on graphite were not 
estimated, as the limited experimental data available were not enough to make a statistically 
significant estimation. Therefore, tritium adsorption capacity on graphite was estimated using 
the values obtained for hydrogen and deuterium. In order to do so, the adsorption capacity was 
assumed to follow a linear trend with the mass of the isotopes. The estimated tritium adsorption 
capacity on graphite is shown in Table 7.5. 
Some authors have reported that neutron irradiation strongly enhances hydrogen adsorption on 
graphite [10, 74, 76, 79, 93]. The maximum increase reported was roughly 140 times higher 
than that for an unirradiated sample [132]. In FHRs graphite is located in the fuel pellet as a 
coating and in the core reactor as moderator. Both of them are located inside the reactor core, 
where they will receive neutron irradiation coming from the fission reaction. The adsorption 
measurements were performed for unirradiated graphite samples in this work. Therefore, it 
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would be expected that under the operating conditions of the FHRs graphite would adsorb more 
tritium than what was estimated in Table 7.5. 
7.5. Conclusions 
The difference in hydrogen and deuterium solubilities in FLiNaK and adsorption on activated 
carbon and graphite immersed in the salt was investigated. It was found that solubility of 
deuterium in FLiNaK is approximately 1.4 times higher than the one of hydrogen at 600 ºC. In 
addition, it was found that diffusivity of deuterium in the salt was 20 % lower than the one 
obtained for hydrogen. This is in good agreement with the classical diffusion theory, which 
predicts the relation between diffusivities of two species based on their different masses. As 
deuterium is heavier than hydrogen, its diffusivity should be lower. The experimentally 
obtained deuterium diffusivity in FLiNaK was close to the one estimated using hydrogen 
diffusivity and diffusion theory. The solubility and diffusivities in FLiNaK obtained for 
hydrogen and deuterium allowed the estimation of these values for tritium assuming that these 
parameters follow a linear trend with the mass of the isotopes. 
Deuterium adsorption capacity on activated carbon immersed in FLiNaK was found to be 
roughly 20 % larger than that of hydrogen. However, graphite was found to follow the opposite 
trend as the deuterium adsorption capacity obtained was slightly lower than that obtained for 
hydrogen. 
The larger adsorption of deuterium on activated carbon was found to be due to the higher 
solubility of deuterium in FLiNaK. In fact, the model developed in Chapter 5 gave a good 
prediction of deuterium adsorption capacity on activated carbon using the maximum adsorption 
capacity (CD,max) and kinetic constants (ka and kd) obtained for hydrogen. Therefore, the 
parameters describing the adsorption kinetic and maximum adsorption capacity were 
considered equivalent for the three isotopes. This allowed the estimation of tritium adsorption 
capacity on activated carbon considering tritium diffusivity and solubility in FLiNaK. 
On the other hand, due to the limited experimental data obtained for graphite tritium adsorption 
capacity on this material was estimated assuming that it follows a linear trend with the mass of 
the isotopes. 
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Chapter 8. Modelling Tritium Transport in 
Fluoride Salt-Cooled High-Temperature 
Reactors 
 
In this chapter the results obtained in the experimental work and presented in previous chapters 
are employed to study the feasibility of using carbon materials as tritium removal technology 
in FHRs. With that purpose, a simple model describing tritium transport in FHRs was first 
generated and simulated using gPROMS modelling software. This model was further 
developed to include tritium removal from the secondary cooling system using activated carbon 
and from the primary system using graphite. 
8.1. Introduction 
A schematic representation of the tritium transport in a FHR is shown in Figure 8.1. Tritium is 
formed in the primary coolant (FLiBe) due to neutron absorption of lithium in the coolant. 
Tritium solubility in the salt is very low and at high temperatures it readily diffuses through the 
structural materials. Due to the large surface area of the heat exchangers diffusion of tritium 
will mainly occur through the primary heat exchanger to the secondary coolant salt, and then 
through the secondary heat exchanger into the power-system flow. If a tritium removal system 
is not placed in the reactor, tritium in the power system fluid will be released to the atmosphere, 
exceeding the permitted emission limits. 
A FHR is estimated to produce approximately 33 kCi·year-1 (90 Ci·day-1) at steady state [10]. 
The maximum tritium emission permitted by law is 10 Ci·day-1 (0.38 g·year-1), therefore, at 
least 90 % of the tritium produced in a 1,000-MWe FHRs should be removed [52]. However, 
the goal of FHRs is not to exceed tritium release rates of commercial light reactors which 
produce approximately 2 Ci·day-1 [133].  
The aim of this chapter is to assess whether it would be possible to remove at least 90 % of 
tritium produced by using carbon materials. This was done by developing a model that 
describes tritium transport and removal in FHRs. Some researchers have developed models to 
describe tritium transport for fusion reactor fuel cycles [2, 45, 47, 48, 134-136]. However, only 
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one simple model has been developed to simulate tritium transport in FHRs and it does not 
consider tritium removal [46]. 
 
Figure 8.1. Schematic representation of tritium transport in FHRs. 
It should be highlighted that tritium production rate in FHRs changes with time. Tritium 
production needs time to reach steady state. During the first 1 to 5 years the amount of tritium 
produced is higher, as explained in Section 2.4, and it decreases with time until a steady state 
production rate is reached [52]. In this study tritium production at steady state was considered. 
8.2. Tritium transport model without tritium removal 
Atlas et al. [19] developed a simple model for tritium transport in FHRs without considering 
tritium removal. This model considers tritium formation in the main cooling salt, its transfer 
from the primary to the secondary coolant system through the primary heat exchanger and its 
subsequent transfer to the power system through the secondary heat exchanger. The model 
developed by Atlas et al. was taken as a starting point, and it was modified to account for 
tritium removal using carbon materials. This section shows the original model and the steps 
followed to simulate it in gPROMS. 
Equations 8.1 and 8.2 show the accumulation of tritium in the primary and secondary systems 
as a function of time. m1 and m2 denote the amount of tritium moles in the primary and 
secondary cooling system, respectively, S1 and S2 are the surface areas of the primary and 
secondary heat exchangers and j12 and j23 refer to the tritium flux in the primary and secondary 
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systems. Tritium is formed in the primary system through neutron absorption of 6Li, and it is 
assumed to be produced at a constant rate (G). 
                                                     
dm1
dt
= G − S1 ∙ j12 (8.1) 
                                                        
dm2
dt
= S1 ∙ j12 − S2 ∙ j23 (8.2) 
The tritium flux to the power system (𝑄𝑜𝑢𝑡) fluid is given by equation 8.3. Tritium transferred 
to the power system is considered to be emitted into the atmosphere if no tritium removal or 
control systems are applied. 
                                                               Qout = S2 ∙ j23 (8.3) 
Equation 8.4 and 8.5 are used to calculate tritium permeation flux through the primary and 
secondary heat exchangers, respectively. Permeation flux is a function of tritium partial 
pressures in both sides of the heat exchangers (P1 and P2). K1 and K2 refer to the permeability 
of the alloy used and e1 and e2 are the thicknesses of the primary and secondary heat exchanger. 
PRF refers to the permeability reduction factor, which would be 1 if no permeation barriers are 
applied to the heat exchanger walls or a higher value if permeation barriers are used. 
                                                             j12 =
K1(√P1−√P2)
e1∙PRF
 (8.4) 
                                                                j23 =
K2√P1
e2∙PRF
 (8.5) 
The solubility of tritium in the salt determines the relation between the molar concentration of 
tritium in the salt and its partial pressure through Henry´s law, as shown in Equations 8.6 and 
8.7. Sol1 and Sol2 refer to the solubilities of tritium and V1 and V2 to the volumes of the primary 
and secondary cooling salts. 
                                                                      P1 =
m1
V1∙Sol1
 (8.6) 
                                                                      P2 =
m2
V2∙Sol2
 (8.7) 
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Equation 8.8 shows the ratio of tritium exit flow rate to the source tritium production rate. For 
start-up conditions the ratio will be 0; for longer times the ratio will start increasing as the 
accumulation of tritium in both primary and secondary coolants increase, until the system 
reaches steady state, and thus the ratio reaches a constant value. If tritium is not removed from 
either primary or secondary system and if no fugitive emissions are considered, then the ratio 
at steady state will be 1, meaning that all tritium produced in the reactor will exit from the 
power system fluid. 
                                                                   Ratio =
Qout
G
 (8.8) 
Table 8.1 shows a summary of the model used to describe the dynamics of tritium transport in 
FHRs. The model consists of 8 equations, 8 variables and 12 parameters. As the number of 
variables equalled the number of equations, no further variables had to be specified. The list of 
variables and parameters included in the model is given below. 
 List of variables: 𝑚1, 𝑚2, 𝑄𝑜𝑢𝑡, 𝑗12, 𝑗23, 𝑃1, 𝑃2, 𝑅𝑎𝑡𝑖𝑜 
 List of parameters: 𝐺, 𝑆1, 𝑆2, 𝐾1, 𝐾2, 𝑒1, 𝑒2, 𝑃𝑅𝐹, 𝑉1, 𝑉2, 𝑆𝑜𝑙1, 𝑆𝑜𝑙2 
As the model includes two differential equations, two initial conditions were required to 
initialize the simulation. The initial variables provided in this case were the initial amount of 
tritium moles in both coolant systems (m1 and m2). The model is meant to describe tritium 
formation and transport from early stages of operation; therefore both variables were set to 0 
initially. The system was modelled using gPROMS modelling software and following the 
procedure explained in Chapter 5. The model and process entities are shown in 
Appendix A.5.1.  
Table 8.1. Degrees of freedom summary of the tritium transport model in FHRs 
without tritium removal. 
Number of equations 8 (Equations8.1 to 8.8) 
Number of variables 8 
Number of parameters 12 
Degrees of freedom 0 
Required initial conditions 2 (m1(0), m2(0)) 
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The model described in Table 8.1 includes the following assumptions: 
- No fugitive emissions of tritium were considered. 
- Tritium is produced in the primary cooling loop at a constant rate. 
- Tritium solubility in the primary and secondary cooling salts follow Henry’s law. 
- The primary and secondary cooling salts were considered to be perfectly mixed and at a 
constant temperature. 
The model was simulated using the parameters shown in Table 8.2. For that, tritium production 
rate was considered to be constant, both heat exchangers were considered to be made of 
incoloy-800, and the temperature of the primary and secondary cooling loops were considered 
to be 650 and 600 ºC, respectively. Therefore, the primary and secondary heat exchangers were 
also assumed to be at 650 and 600 ºC, respectively. In addition, the primary and secondary 
coolants were assumed to be FLiBe and FLiNaK, respectively. The solubility of tritium in 
FLiNaK used for the simulation was the one estimated in Chapter 7 (Table 7.4).  
Table 8.2. Parameters used to simulate the model describing tritium 
transport without removal. 
Parameter Value Reference 
G (molT2·s-1) 1.31∙10
-8 [52] 
S1 (m
2) 1200 [52] 
S2 (m
2) 1200 [52] 
K1 (molT2·m
-1·s-1·Pa-0.5) 1.48∙10-12 [52] 
K2 (molT2·m
-1·s-1·Pa-0.5) 8.51∙10-13 [137] 
e1 (m) 1.60∙10
-3 [137] 
e2 (m) 1.60∙10
-3 [52] 
Sol1 (molT2·m
-3·Pa-1) 7.83∙10-4 [52] 
Sol2 (molT2·m
-3·Pa-1) 1.21∙10-4 This work 
V1 (m
3) 15 [42] 
V2 (m
3) 10 [52] 
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Figure 8.2. Simulated evolution of the amount of tritium in the a) primary and b) secondary 
coolant loops and c) the ratio of tritium exit flow rate to the source tritium production rate for 
different permeation reduction factors. 
Simulations were performed assuming different permeation reduction factors (PRF). The 
evolution of the amount of tritium in both coolant loops and the ratio of tritium outlet flow rate 
to the source tritium production rate obtained are shown in Figure 8.2. As can be observed, 
when tritium permeation barriers are placed the amount of tritium in both coolant salts increase. 
Moreover, tritium concentration in coolant salts increases with increasing efficiency of the 
permeation barriers (higher permeation reduction factors). This is because for more efficient 
permeation barriers higher tritium concentration is required in order to obtain a permeation flux 
that equals the production rate of tritium. As the production rate is constant, for higher 
permeation reduction factors the salt needs longer to get saturated with tritium, and therefore, 
the system needs longer to reach the state at which tritium outlet flow rate equals its production 
rate.  
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8.3. Modelling tritium removal in FHRs 
Different techniques to remove tritium from FHRs have been suggested [52, 62, 133, 138]. The 
main objective of this project is to assess whether tritium can be removed by adsorption on 
carbon materials. Experimental results shown in Chapters 4, 6 and 7 were used to measure the 
hydrogen and deuterium adsorption capacity on different carbon materials and to extrapolate 
the adsorption capacity of tritium. Therefore, the aim of this chapter was to estimate the amount 
of carbon materials that would be required in order to remove at least 90 % of the tritium 
produced. 
Tritium could be removed by adsorption on graphite in the core of the reactor which is present 
as a matrix of the fuel pebble or as a moderator. Alternatively a bed of activated carbon could 
be placed in the secondary coolant in order to remove tritium. It must be highlighted that a PB-
FHR design containing a secondary cooling system that uses FLiNaK as the coolant [139] was 
considered for this chapter, as that one the one that Atlas et al. used to develop their model. 
In order to estimate the amount of tritium that could be removed with both of these options, the 
model previously described was further developed to include tritium adsorption on carbon 
materials. This model was initially developed to include tritium removal from the primary and 
secondary system separately, and then this model was expanded to include its simultaneous 
removal from both cooling systems. 
8.3.1. Tritium removal from the secondary cooling system 
Tritium is suggested to be removed from the secondary cooling system by using activated 
carbon as a getter. In order to do so, the activated carbon is suggested to be inserted in the 
coolant at one point and then removed at a later point. It could flow with the salt between these 
points, similarly to the fuel pebbles inside the reactor core. A schematic representation of the 
suggested tritium removal method is shown in Figure 8.3. With the aim of removing tritium 
continuously, activated carbon should be added and removed from the cooling system 
continuously. 
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Figure 8.3. Schematic representation of tritium removal by adsorption on activated carbon in 
the secondary cooling system. 
Two parameters had to be determined in order to estimate the amount of tritium that could be 
removed following this methodology. These variables are the flowrate of activated carbon 
added into the system (?̇?𝑠) and the amount of activated carbon that would be inside the coolant 
salt during normal operation (mc). Once these parameters are known, the residence time of the 
activated carbon inside the coolant system (τ) can be calculated using Equation 8.9. 
                                                                     τ =
mc
ṁs
 (8.9) 
8.3.1.1. Model development 
Some assumptions were made in order to develop a model describing tritium transport in FHRs 
including its removal on the secondary cooling system. First, it is known that the temperature 
of the secondary coolant, FLiNaK, is not constant, as heat is transferred from the primary to 
the secondary coolant through the primary heat exchanger, and from the secondary coolant to 
the power system through the secondary heat exchanger. Therefore, there would be a 
temperature profile within the secondary cooling system. This would affect tritium solubility 
in the salt, and thus tritium adsorption capacity on the activated carbon. However, in order to 
simplify the system, FLiNaK coolant salt was assumed to be completely mixed and at a 
constant temperature, and therefore tritium concentration in the salt was assumed to be 
homogeneous. Second, the activated carbon was assumed to follow a plug flow with a constant 
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residence time. A schematic representation of tritium transport in the secondary cooling system 
is shown in Figure 8.4. 
 
Figure 8.4. Schematic representation of tritium transport in the secondary coolant salt. 
Tritium adsorption rate on activated carbon was modelled using Equation 8.10, which was 
obtained in Chapter 5. ka and kd are kinetic constants describing adsorption dynamics, CT,max 
denotes the maximum tritium adsorption capacity of activated carbon and CT,C is the 
concentration of elemental tritium in the carbon. 
                                    ṅads(m) = ka (CT,max − CT,C(m)) √
m2
V2
− kd ∙ CT,C(m) (8.10) 
As the activated carbon was assumed to follow a plug flow, the adsorption rate changes with 
the position, or in other words, it changes with the residence time. The longer the activated 
carbon spends in contact with the salt, the more tritium it will adsorb, until the activated carbon 
reaches saturation with tritium. In this case the residence time was defined in terms of the mass 
of activated carbon (Equation 8.9). Therefore, the concentration of tritium on the activated 
carbon was defined as a function of mass (m), which was considered 0 when the carbon was 
added into the system, and mc when it was removed. Therefore, the variable m can be linked to 
the position in the reactor and the length of time that a carbon sample spends in contact with 
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FLiNaK salt. Based on this, the change of tritium concentration on activated carbon with the 
mass of activated carbon is given by Equation 8.11. 
                                                                ṅads(m) = ṁs
∂CT,C(m)
∂m
 (8.11) 
In order to describe tritium transport from the primary cooling system to the secondary system, 
and its subsequent transport to the power system, equations describing the simple tritium 
transport model were used (Equations 8.1 to 8.8). However, the tritium mass balance on 
Equation 8.2 was replaced by Equation 8.12, which includes tritium removal on the secondary 
cooling system. As the concentration of tritium on the carbon is not constant throughout the 
plug flow, tritium removal rate was calculated by integrating the adsorption rate for the total 
mass of carbon present in the system (mc). The integral term was multiplied by a factor of ½ in 
order to express the adsorption rate of molecular tritium. 
                                           
dm2
dt
= S1 ∙ j12 − S2 ∙ j23 −
1
2
∫ ṅads(m)dm
mc
0
 (8.12) 
In order to simulate this model in gPROMS, the mass (m) was defined as a distribution domain 
whose lower bound was 0 and upper bound mc. In this case, the mass domain was discretised 
using backward finite method of first order over a uniform grid of 1,000 intervals to ensure that 
the adsorption rate was not overestimated.  
The summary of the model developed to describe both tritium transport and removal from the 
secondary cooling system is shown in Table 8.3. This shows a general overview of the model 
in which the mass domain is divided in i intervals. In this case, the model included 10 + i 
equations, 10 + i variables, and 17 parameters. The additional variables and parameters 
included in the model to describe tritium removal are listed below. 
 New variables: ?̇?𝑎𝑑𝑠 (𝑚), 𝐶𝑇,𝐶  (m) 
 New parameters: 𝑘, 𝑘𝑑, 𝐶𝑇,𝑚𝑎𝑥, ?̇?𝑠, 𝑚𝑐 
As the model included 3 differential equations, 3 initial conditions were required. In this case 
the initial conditions given were the initial amount of tritium moles in the primary and 
secondary coolant systems and tritium concentration on the activated carbon when it is added 
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into the system (when m=0). These three variables were set to be 0 at the beginning of the 
simulation. The model and process entities are shown in Appendix A.5.2. 
Table 8.3. Summary of the model developed to describe tritium transport in FHR with tritium 
removal in secondary coolant system. 
Number of equations 10 + i (Equations 8.1, 8.3 to 8.8 and 8.10 to 8.12) 
Number of variables 10 + i 
Number of parameters 17 
Degrees of freedom 0 
Required initial conditions 3 (m1(0), m2(0), CT,C(0,0)) 
8.3.1.2. Effect of model parameters 
As mentioned in Chapter 7, kinetic constants describing adsorption dynamics (ka and kd) and 
the maximum adsorption capacity (CT,max) were considered equivalent for all hydrogen 
isotopes. Therefore, values shown in Table 5.4 were used for the simulations. On the other 
hand, the flowrate of the activated carbon added into the system (?̇?𝑠) and the amount of 
activated carbon that would be inside the coolant salt (mc) were unknown. Therefore, different 
values were given to these parameters, and their effect on the tritium removal rate was 
investigated. The variable ratio expressed in Equation 8.8 refers to the flow rate of tritium 
going to the power system divided by the tritium generation rate. If tritium is not removed from 
the system then at steady state the ration would be 1, as all the tritium produced would be 
transferred to the power system. However, when tritium removal is considered the variable 
ratio can be used to calculate the rate of tritium removal expressed as a percentage of the total 
amount of tritium produced, as shown in Equation 8.13. As previously stated, the amount of 
tritium removed by the activated carbon should be at least 90 % of the total amount produced 
in order to consider that tritium is removed effectively. 
                                         Tritium removal (%) =  (1 − Ratio) ∙ 100 (8.13) 
In addition, as shown in Figure 8.2, the permeation reduction factor has a big impact on the 
concentration of tritium in both primary and secondary coolants. Therefore, the effect of the 
permeation reduction factor on the tritium removal rate was studied. 
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8.3.1.2.1. Effect of carbon flowrate 
In order to study the effect that the flowrate of activated carbon has on the tritium removal rate, 
three different flowrates were selected (?̇?𝑠:2, 5 and 10 kg·day
-1), and the removal rate was 
calculated for different residence times (𝜏). This was done by selecting different values for mc 
and then calculating the residence time of the activated carbon for each case using Equation 8.9. 
Figure 8.5 shows the percentage of tritium removal obtained for different activated carbon 
residence times for the three flowrates selected. The parameters shown in Table 8.2 were used 
to simulate the process. In addition, the permeability reduction factor was set to 40, which is 
similar to the values used by Atlas et al. [2]. 
It can be observed that for a given carbon flowrate as the residence time increases, the 
percentage of tritium removal also increases. However, there was a residence time after which 
any further increment in residence time only resulted in an almost negligible increase of tritium 
removal rate. This is because at that point the activated carbon is close to being saturated with 
tritium. 
 
Figure 8.5. Tritium removal simulated for different carbon flow rate and residence times. 
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This trend can be observed clearly in Figure 8.6, where tritium adsorption rate on activated 
carbon is expressed as a function of mass (m in grams) and time (in days). In this case the 
flowrate of activated carbon was set as 10 kg·day-1 and three residence times were selected by 
varying mc: 1, 2 and 15 minutes. As can be observed, adsorption rate is the highest when the 
activated carbon is added into the system (m=0), as it does not have any tritium adsorbed. As 
the time that the carbon spends in contact with the coolant increases, the amount of tritium 
adsorbed on the carbon increases, decreasing the concentration gradient, and therefore, 
decreasing tritium adsorption rate.  
 
Figure 8.6. Simulated tritium adsorption rate on activated carbon expressed in a two 
dimensional space (mass expressed in grams and time in days) for a carbon flowrate of 
10 kg·day-1 and residence times of 1 (a), 2 (b) and 15 minutes (c). 
It can be observed that for a residence time of 1 minutes the activated carbon at the point of 
being removed from the system (m=mc) is still adsorbing tritium, and therefore, it is still not 
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saturated. However, for a residence time of 15 minutes the carbon is almost completely 
saturated with tritium when it leaves the system and a longer contact time between the salt and 
the carbon would only result in a negligible increase of the amount of tritium adsorbed. 
Figure A.4 in Appendix A.5.2 shows tritium concentration in activated carbon in a two 
dimensional space, where it can be seen how tritium concentration on activated carbon 
increases as it spends more time in contact with the coolant.  
On the other hand, Figure 8.5 shows that higher carbon flowrate results on a higher tritium 
removal rate, as it could be expected. Figure 8.5 shows that flowrates of 2 and 5 kg·day-1 are 
not sufficient to effectively remove 90% of the total amount of tritium produced, the target of 
the process as discussed above. However, a flowrate of 10 kg·day-1 is sufficient, achieving in 
fact a removal of over 91 % of tritium produced. 
Table 8.4. Process variables simulated to remove 90 % 
of tritium produced using activated carbon in the 
secondary cooling system. 
Variable Value 
ṁs(g·day
-1) 8,700 
m1 (molT2) 3.57∙10
-3 
m2 (molT2) 7.98∙10
-6 
Qout(molT2·day
-1) 1.12∙10-4 
j12 (molT2·m
-2·day-1) 9.38∙10-7 
j23 (molT2·m
-2·day-1) 9.39∙10-8 
P1 (Pa) 0.304 
P2 (Pa) 6.59∙10
-3 
Ratio 0.0999 
CT,C(mc) (molT·g
-1) 2.469∙10-8 
PRF 40 
Although higher flowrates result on a higher tritium removal rate, the flowrate of the activated 
carbon added into the system should be minimized. This is because as the flowrate increases 
the amount of activated carbon containing tritium also increases. As tritium is a radioactive 
product, activated carbon containing tritium should be treated or stored. Therefore, for higher 
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carbon flowrates, the amount of activated carbon that requires a treatment increases, which 
should be avoided. Nevertheless, it must be highlighted that these are relatively small flows for 
a commercial plant. 
Based on this, the optimum activated carbon flowrate was set as the minimum value that allows 
the required tritium removal rate (90 % of the total amount produced) to be reached. This 
optimum flowrate was 8.7 kg·day-1. The model was simulated using the optimum carbon 
flowrate and the process variables obtained at steady state were included in Table 8.4.  
8.3.1.2.2. Effect of tritium permeation barriers 
Section 8.2 shows that the PRF of the tritium permeation barriers applied on heat exchangers 
has a big impact on tritium concentration in both primary and secondary coolant salts. Tritium 
removal rate depends on tritium concentration in the secondary coolant. Therefore, it is 
interesting to study the effect that tritium permeation barriers have on the tritium removal rate. 
In the two models previously explained, tritium permeation reduction factors both heat 
exchangers were considered equal. In order to investigate the effect of tritium permeation 
barriers in the two heat exchangers separately, different values were considered for the 
permeation reduction factors for the primary and secondary heat exchangers: PRF1 and PRF2, 
respectively. 
First, the effect of permeation barriers on the primary heat exchanger was studied. For that the 
permeability reduction factor for the secondary heat exchanger (PRF2) was fixed at 40, and 
different values were given to the one of the primary system (PRF1). This simulation was 
performed considering the optimum flowrate of activated carbon previously obtained 
(8.7 kg·day-1). It was found that the efficiency of tritium permeation barriers in the primary 
heat exchanger does not affect tritium removal rate during steady state operation. Moreover, as 
permeation reduction factor increases tritium permeation through the primary heat exchanger 
decreases, which causes tritium concentration in the primary coolant to increase. However, this 
does not have an impact on the properties of the secondary cooling system, and those model 
variables are unchanged for different permeation barriers. 
Second, the efficiency of tritium permeation barriers applied on the secondary heat exchanger 
was investigated. The same procedure as above was followed: permeability reduction factor 
for the primary heat exchanger (PRF1) was fixed at 40, and different values were given to that 
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of the secondary system (PRF2). Simulated process variables for steady state operation obtained 
for different permeation reduction factors are shown in Table 8.5. 
Table 8.5. Simulated process variables for different permeability reduction factors in the 
secondary heat exchanger. 
PRF2 m1 (molT2) m2(molT2) CT,C (mc) (molT·g
-1) Tritium Removal (%) 
10 3.33∙10-3 4.74∙10-3 1.73∙10-7 69.4 
100 3.64∙10-3 9.02∙10-6 2.39∙10-7 95.8 
500 3.68∙10-3 9.66∙10-6 2.47∙10-7 99.1 
1000 3.68∙10-3 9.75∙10-6 2.48∙10-7 99.6 
It can be observed that as permeation reduction factor increases the percentage of tritium 
removed also increases. This is because as the efficiency of permeation barriers increases, 
tritium permeation rate through the secondary heat exchanger decreases. This causes tritium 
concentration in the secondary coolant to increase, which increases the amount of tritium that 
activated carbon can absorb before reaching saturation. Therefore, it can be stated the use of 
efficient permeation barriers in the secondary heat exchanger increases the amount of tritium 
removed using activated carbon as an adsorbent. 
Table 8.6. Minimal activated carbon flowrate for 
different tritium permeation reduction factors for 
the secondary heat exchanger. 
  PRF2 Minimal ?̇?𝐬(g·day
-1) 
  10 36,000 
  100 3,300 
  500 610 
  1000 210 
Moreover, for more efficient permeation barriers the minimum flowrate of activated carbon 
necessary to remove 90 % of tritium produced should be lower. The minimum activated carbon 
flowrate for different permeation reduction factors of the secondary heat exchanger was 
calculated and the values obtained are included in Table 8.6. As can be observed, the minimum 
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carbon flowrate required to remove 90 % of tritium produced greatly decreases with increasing 
efficiency of the permeation barriers. 
8.3.2. Tritium removal from the primary cooling system 
Briggs [52] developed a method to calculate the distribution of tritium produced in an 
experimental molten salt reactor (MSRE) that was operated at Oak Ridge National Laboratory 
(ORNL) from 1965 to 1969. He discovered that around 20 % of the tritium produced was 
trapped in the graphite moderator. In FHRs graphite is used as both moderator and fuel matrix. 
Therefore, it would be expected that tritium would get absorbed on both graphites. 
The fuel of the FHR consists of small coated microspheres that provide the cladding. The 
microspheres are incorporated into a graphite matrix that forms a fuel pebble whose diameter 
is 3 cm [8]. Figure 2.2 shows the FHR base-line graphite coated-particle fuel. The fuel pebbles 
are lighter than the coolant, FLiBe, and float. The pebbles are added from the bottom part of 
the reactor, a slow continuous flow circulates through the reactor core and they are removed 
from the top part. The fuel pebbles pass through the reactor core a number of times before 
being fully burnt. 
A model was developed in order to estimate the amount of tritium removed by adsorption on 
graphite in the primary cooling system. As shown in previous chapters, the adsorption of 
hydrogen isotopes on graphite follows fast kinetics. Based on this, it is expected that graphite 
moderator in the reactor core would adsorb tritium during the first few days of operation, and 
it is expected to be saturated afterwards. Therefore, only tritium adsorption on graphite matrix 
of the fuel was considered in the model, as these fuel pebbles are constantly added and removed 
from the reactor core.  
In order to simplify the model the primary coolant was assumed to be at a constant temperature 
and have a constant concentration of tritium. However, in reality the temperatures of the 
primary coolant vary approximately between 600 to 750 ºC. Figure 8.7 shows the distribution 
of the fuel temperature in FHRs under normal operating conditions. 
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Figure 8.7. Fuel temperature (°C) distribution in the FHR core under normal operating 
conditions (Reproduced from [139]). 
8.3.2.1. Model development 
Tritium adsorption rate was modelled using an equivalent equation to the one describing tritium 
adsorption on activated carbon (Equation 8.10), as that was obtained by modelling the 
experimental data obtained in this project (shown in Chapter 5). In this case adsorption rate 
was modelled using Equation 8.14, which is a function of tritium concentration in the primary 
cooling system. CT,C refers to tritium concentration on graphite in this case. 
                                    ṅads(m) = ka (CT,max − CT,C(m)) √
m1
V1
− kd ∙ CT,C(m) (8.14) 
Likewise, concentration of tritium in graphite was considered to be a function of mass 
(reflecting time or position). Therefore, the change of tritium concentration in graphite with the 
mass of graphite was described by Equation 8.11. As tritium is removed from the primary 
cooling system, the mass balance of this system was given by Equation 8.15. 
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dm1
dt
= G − S1 ∙ j12 −
1
2
∫ ṅads(m)dm
mc
0
 (8.15) 
Tritium transport and removal from the primary coolant system was modelled using Equations 
8.2 to 8.8, 8.11, 8.14 and 8.15. The model summary is equivalent to that developed to describe 
tritium removal by adsorption on activated carbon shown in Table 8.3. The initial conditions 
given to simulate the system were the initial amount of tritium in both coolant systems and 
tritium concentration in graphite matrix when the fuel pebbles are added into the reactor core. 
The model and process entities are shown in Appendix A.5.3. 
8.3.2.2. Estimation of parameters describing tritium adsorption on graphite 
In order to model tritium adsorption on graphite, kinetic constants describing adsorption 
dynamics (ka and kd) and the maximum adsorption capacity (CT,max) were required. However, 
these parameters were unknown for graphite. Therefore, these parameters were estimated in 
order to allow the simulation of tritium removal through adsorption on graphite. Kinetic 
constants ka and kd were assumed to be equal for graphite and activated carbon. The maximum 
adsorption capacity was estimated using Equation 8.16 which is the adsorption isotherm 
obtained from Equation 8.10. To calculate this, tritium concentration in graphite (CT,C) and 
FLiNaK (𝐶𝑇2,𝐹𝐿𝑖𝑁𝑎𝐾) estimated in Chapter 7 were used. The estimated parameters are shown 
in Table 8.7.  
                                                    CT,C =
ka√CT2,FLiNaK
kd+ka√CT2,FLiNaK
CT,max (8.16) 
In order to assess the validity of the assumption, the maximum hydrogen and deuterium 
adsorption capacity of graphite immersed in FLiNaK was calculated following the same 
procedure. The estimated values were used to simulate the evolution of hydrogen and 
deuterium adsorption on graphite. The simulation obtained closely described the experimental 
data, and therefore the assumption was considered adequate. This is shown in Appendix A.6. 
Parameters describing tritium adsorption on graphite were estimated using data obtained when 
graphite was immersed in FLiNaK. Moreover, the adsorption rate used in the model developed 
in section 8.3.1 (Equation 8.10) is defined as a function of tritium concentration in FLiNaK 
salt. However, the coolant of the primary system in FHRs is FLiBe, and FLiNaK is only used 
as a coolant in the secondary system. Experimental data showing adsorption of hydrogen 
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isotopes on graphite immersed in FLiBe is not available. Therefore, tritium adsorption rate was 
assumed to be described by the same equation for FLiNaK and FLiBe. 
On the other hand, the flowrate of graphite (?̇?𝑠) and the total mass of graphite in the reactor 
core (mc) had to be defined. According to the FHR design factors published by Forsberg et al. 
[19], 5,060,000 fuel pebbles would be used during 5 years of operation and there would be 
630,000 pebbles in the reactor core during normal operation. Tritium was assumed to adsorb 
only on the outer graphite layer of the fuel pebbles, whose thickness and density are 0.1 cm 
and of 1.74 g·cm-3 [139], respectively. Consequently, there would be 2.57 g of graphite in each 
fuel pebbles in which tritium could be adsorbed. The parameters needed to simulate the model 
were calculated using the data mentioned and the values obtained are shown in Table 8.7. 
Table 8.7. Parameters to simulate tritium adsorption 
on graphite matrix of the fuel. 
Parameter Value 
ka (m
3/2·molT2
-1·s-1) 663 
kd (s
-1) 2768 
CT.max (molT·g
-1) 4.92·10-4 
ṁs(g·day
-1) 12,750 
mc (g) 40,000 
8.3.2.3. Results and discussion 
The system was modelled using the process parameters shown in Table 8.2 and Table 8.7. In 
addition, permeation reduction factors applied on both primary and secondary coolant systems 
were considered to be 40. It must be highlighted that tritium solubility constant in FLiBe (sol1) 
and permeability of the primary heat exchanger (K1) shown in Table 8.2 are valid for a 
temperature of 650 ºC. This temperature was chosen because it is the average temperature of 
primary coolant in the reactor core, as seen in Figure 8.7.  
However, the maximum tritium adsorption capacity shown in Table 8.7 was estimated using 
experimental data obtained at 600 ºC. Results obtained in Chapter 4 showed that hydrogen 
adsorption capacity on graphite immersed in FLiNaK decreased by approximately 40 % when 
the temperature was increased from 600 to 700 ºC. It is assumed that tritium adsorption 
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capacity would decrease by the same fraction, and therefore, the maximum tritium adsorption 
capacity of graphite was estimated as 7.38·10-5 molT·g
-1 at 700 ºC. The process was simulated 
using the estimated maximum adsorption capacities at 600 and 700 ºC. Obtained process 
variables for steady state operation were included in Table 8.8. 
It can be observed that for a higher maximum adsorption capacity the amount of tritium 
removal increases, as expected. This is because tritium concentration on the graphite matrix of 
the fuel pebbles is higher when it is removed from the reactor core. A higher tritium removal 
rate causes a decrease in tritium concentration in both primary and secondary cooling systems. 
Table 8.8. Simulated process variables using the tritium transport model with tritium 
removal from primary coolant system. 
𝐂𝐓.𝐦𝐚𝐱 
(molH·gAC
-1) 
m1 (molT2) m2(molT2) 
CT,C (mc) 
(molT·g
-1) 
Tritium Removal 
(%) 
4.92·10-4 3.93∙10-4 1.63∙10-5 1.52∙10-7 85.8 
2.95·10-4 9.13∙10-4 3.80∙10-5 1.39∙10-7 78.4 
The estimated tritium removal rate obtained with the previously explained model is rather high 
comparing to the estimation performed by Briggs [19], who discovered that approximately 
20 % of the tritium produced was trapped in graphite. This difference could be due to the fact 
that some of the assumptions made might have been inaccurate.  
One of these assumptions is that tritium adsorption rate is described by Equation 8.14 with the 
estimated parameters shown in Table 8.7. In Chapter 5 an equation was developed to describe 
hydrogen adsorption on carbon materials immersed in FLiNaK (Equation 5.12). This equation 
was proven to closely describe experimental data obtained for adsorption of hydrogen isotopes 
on activated carbon immersed in FLiNaK. Therefore, the same equation modified for tritium 
(Equation 8.10) was used to model tritium adsorption on activated carbon in FLiNaK, which 
is the secondary coolant. However, this equation is described as a function of tritium 
concentration in FLiNaK. As the primary coolant is FLiBe, and as tritium solubility in FLiNaK 
and FLiBe at 600 ºC differ by almost an order of magnitude, Equation 8.14 might not be valid. 
Experimental data would be required to assess whether this is the case or not. 
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In addition, tritium was assumed to adsorb on the entire outer layer of the fuel pebble, which 
has a thickness of 0.1 cm. However, it is possible that tritium would only adsorb on the surface 
of the graphite. In that case, the mass available for tritium adsorption would be lower than the 
one previously estimated, which means that the estimated tritium removal would have been 
overestimated. 
8.3.3. Tritium removal from the primary and secondary coolant systems 
In this section tritium removal from the primary and secondary systems was considered. As in 
the previous sections, tritium removal was assumed to happen through adsorption on the 
graphite coating the fuel in the primary system, and the injected activated carbon in the 
secondary system. Tritium adsorption on activated carbon on the secondary system was 
modelled using the procedure explained in section 8.3.1. However, due to the uncertainty in 
the parameters needed to model tritium adsorption on graphite in the primary system, a constant 
value was given to the removal rate from the primary system. The mass balance on this system 
was expressed as Equation 8.17, where X refers to the fraction of tritium produced in FHRs 
that is removed from the primary system. 
                                                        
dm1
dt
= (1 − X)G − S1 ∙ j12 (8.17) 
The model developed to describe tritium transport in FHRs including its removal from the 
primary and secondary system was equivalent to that developed in section 8.3.1. The summary 
of the model is the same as that shown in Table 8.3. In this case the mass balance of the primary 
coolant system was described by Equation 8.17 instead of Equations 8.1. 
The system was modelled using the parameters shown in Table 8.2 and Table 5.4. In addition, 
permeability reduction factors were considered 40 for both heat exchangers. The model was 
simulated assuming different tritium removal rates from the primary coolant system (X). For 
each case the minimum flowrate of activated carbon that allows 90 % of produced tritium to 
be removed was calculated. The results obtained were included in Table 8.9. 
As expected, when the amount of tritium removed by adsorption on graphite increases the 
minimum activated carbon flowrate required to remove in total 90 % of tritium produced 
decreases. For instance, if 20 % of tritium of tritium produced is assumed to get adsorbed on 
the graphite matrix of the fuel pebble, then 6.8 kg·day-1 of activated carbon would be required 
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to remove the remaining 70 % tritium. This is 2 kg·day-1 lower than the flowrate required if no 
tritium is removed from the primary system. 
In addition, tritium could also be removal from the primary coolant system using activated 
carbon as a getter. This appears to be a good option considering the high tritium concentration 
in the coolant salt. However, this option has not been considered in this model because there 
are no experimental data available that show the adsorption of hydrogen isotopes on activated 
carbon immersed in FLiBe. 
Table 8.9. Minimal flowrate of activated carbon 
obtained for different tritium removal rates on 
primary system. 
  X Optimum ?̇?𝐬(g·day
-1) 
  0.1 7,800 
  0.2 6,800 
  0.3 5,800 
  0.4 4,800 
8.4. Conclusions 
The feasibility of using carbon materials to effectively remove tritium from FHRs was 
investigated. For that, a simple model describing tritium transport in FHR was modified to 
include tritium removal from the secondary cooling system using activated carbon as an 
adsorbent. The experimental data of adsorption capacity of hydrogen isotopes on activated 
carbon and the adsorption kinetic data estimated in the previous chapters were used to estimate 
the amount of tritium that would be removed for different flowrates of activated carbon. 
Tritium removal by adsorption on activated carbon added into the secondary coolant loop was 
found to be a viable option to obtain the required tritium removal rate. In fact, for the model 
created and the parameters selected, it was found that an activated carbon flowrate of 
8.7 kg·day-1 would be required to remove 90 % of the total tritium produced.  
It was found that the efficiency of permeation barriers applied on the primary heat exchanger 
had an effect on tritium concentration on the primary coolant system, but not on the 
concentration of the secondary cooling system, and consequently did not affect the amount of 
tritium removed. However, the model showed that for more efficient permeation barriers 
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applied on the secondary heat exchanger the activated carbon flowrate necessary to remove 
90 % of tritium produced decreases. For instance, if permeability reduction factors increase 
from 40 to 100, the flowrate of activated carbon required could be 60 % lower. 
In addition, a model was developed to describe tritium removal from the primary cooling 
system only. In this case, tritium removal was considered to happen through adsorption on the 
graphite matrix of the fuel pebble. Although kinetics of tritium adsorption on graphite 
immersed in FLiBe were unknown, it was assumed that it would follow the same equation as 
the one developed for FLiNaK. Simulations performed estimated a tritium removal of 
approximately 78 to 86 % of the total tritium produced. This is much higher than the tritium 
adsorption on graphite suggested by Briggs [8], who estimated that approximately 20 % of 
tritium formed would be adsorbed on graphite. Therefore, it was concluded that experimental 
data on adsorption of hydrogen isotopes on graphite immersed in FLiBe would be required in 
order to accurately estimate the amount of tritium that would adsorb graphite in FHRs. 
Finally, a model was developed to describe tritium removal from both primary and secondary 
cooling systems. In this case, a constant value was given to the tritium removal rate from the 
primary coolant system. For the specific case considered in the model, the activated carbon 
flowrate required to remove 90 % of tritium produced decreased to 6.8 kg·day-1 when 20 % of 
tritium was considered to be adsorbed on graphite on the primary system. 
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Chapter 9. Conclusions and recommendations 
for future work 
 
The FHR is a nuclear reactor type that offers the option of operating at high temperature and 
low pressure, which makes the reactor safer and more efficient than the current pressurized 
water reactors. However, the amount of tritium produced in the coolant salt is approximately 
10 times higher than the maximum tritium emission permitted by law [8]. If tritium is not 
removed from the reactor, it would permeate the structural materials, finding its way out into 
the environment. This study was set out to assess the viability of using carbon materials as an 
effective tritium removal technology in FHRs. Experimental data on adsorption of hydrogen 
isotopes on carbon materials immersed in molten salt was needed in order to assess whether 
this is a feasible option. 
In Chapter 3, the design and commissioning of the High Temperature Hydrogen Adsorption 
System was presented and discussed. Chapter 4 showed experimental results obtained for 
hydrogen adsorption capacity of a selected graphite and activated carbon samples immersed in 
FLiNaK. The effect of temperature as well as the pressure was investigated. Chapter 5 provided 
a model developed in gPROMS that describes the dynamics of hydrogen adsorption on carbon 
materials immersed in FLiNaK. In Chapter 6 carbon materials with different textural properties 
were selected and their hydrogen adsorption capacity was measured. The results obtained were 
discussed according to their properties. In Chapter 7 deuterium was used instead of hydrogen, 
and the isotope effect on the adsorption capacity was investigated. The values obtained with 
hydrogen and deuterium were used to estimate tritium adsorption capacity on a selected 
graphite and activated carbon. Chapter 8 provided the development of models to simulate 
tritium removal in FHRs using the data obtained in previous chapters. This chapter provides 
concluding remarks on the achievements of the study and ends with recommendations for 
future work. 
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9.1. Conclusions 
Conclusions of this study can be broken up into three main items: 
1. Design, construction and commissioning of an experimental system able to measure 
adsorption of hydrogen isotopes on carbon materials immersed in molten salts. 
The experimental system was designed to enable operation at similar conditions as those 
used in FHRs: temperatures ranging from 500 to 700 ºC and pressures up to 11.5 bar. 
The system was designed to allow batch and continuous operation. In this project all the 
experiments were performed in batch mode. 
The system was found to be adequate to measure adsorption capacity of hydrogen 
isotopes on carbon materials. However, a pressure decrease was observed in the system 
even when no adsorption was taking place. This was thought to be due to a combination 
of two factors: decarburization process of the stainless steel and hydrogen permeation 
through the walls. The pressure drops obtained were slightly different for experiments 
performed under the same operating conditions, and the pressure decrease was larger 
with increasing temperature.  
The calculation of hydrogen adsorption capacities were performed removing the above 
mentioned effects from the measured pressure drop for all hydrogen adsorption 
experiments. Moreover, in order to minimize the impact of these processes on the 
hydrogen adsorption measurements, each experiment was repeated at least three times 
and the calculations were performed taking the average values of these experiments. The 
standard deviation of the experimental values were calculated in order to estimate the 
error of the hydrogen adsorption capacities measured. 
2. Adsorption capacity of hydrogen isotopes on carbon materials immersed in molten salts. 
In order to measure the adsorption capacity of hydrogen isotopes on carbon materials 
immersed in FLiNaK, first their solubility in FLiNaK was measured. Hydrogen solubility 
in FLiNaK was found to decrease with increasing temperature following a Van’t Hoff’s 
equation. Moreover, it was also found to be in good agreement with Henry´s law, which 
states that the amount of hydrogen dissolved in the salt linearly increases with the partial 
pressure of hydrogen in the gas phase. On the other hand, deuterium solubility in FLiNaK 
was only measured at 600 ºC, and it was found to be 1.4 higher than the hydrogen one. 
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A model was created in gPROMS to describe the dissolution of hydrogen isotopes in 
FLiNaK considering that they followed Fick’s law of diffusion. The experimental data 
were used to estimate hydrogen and deuterium diffusivity in FLiNaK, which was found 
to decrease with increasing isotope mass, as predicted by the isotope effect. The 
experimental data obtained were used to estimate tritium solubility and diffusivity in 
FLiNaK. 
Hydrogen adsorption on selected graphite and activated carbon samples immersed in 
FLiNaK was measured at different temperatures. Adsorption capacity was found to 
decrease with increasing temperature for both samples. Values obtained at 500 and 
600 ºC were similar, while the one obtained at 700 ºC was approximately 40 to 50 % 
lower for both samples. The ratio between the hydrogen moles adsorbed on either 
activated carbon (SAC,H2) or graphite (Sgraphite,H2) and the hydrogen moles dissolved in 
FLiNaK (SFLiNaK,H2) per unit of mass was calculated. Both solubility and adsorption 
capacity decrease with temperature. However no correlation was found between the 
calculated ratio between them and the temperature. For both carbon materials studied the 
higher ratio of adsorption to solubility was found at 600 ºC. Activated carbon adsorbed 
approximately 5 times more hydrogen than graphite for all the temperatures studied. 
Deuterium adsorption on the same graphite and activated carbon immersed in FLiNaK 
was studied at 600 ºC. Deuterium adsorption capacity on activated carbon immersed in 
FLiNaK was found to be roughly 20 % higher than the one of hydrogen. On the other 
hand, deuterium adsorption on graphite was found to be lower than the one of hydrogen.  
The model created to describe dissolution of hydrogen isotopes in FLiNaK was further 
developed to include the adsorption on carbon materials. For that, adsorption was 
considered to follow Langmuir adsorption kinetics, which was proven to be an adequate 
assumption based on the adsorption capacities obtained for hydrogen at different 
pressures. The parameters describing hydrogen adsorption on activated carbon were 
estimated only at 600 ºC, as the experimental data available were insufficient to estimate 
the parameters for the rest of the conditions studied. However, deuterium adsorption was 
modelled using the parameters estimated for hydrogen and the prediction given by the 
model closely described the experimental data. This shows that the difference in the 
hydrogen and deuterium adsorption capacity in activated carbon is exclusively driven by 
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solubility. Therefore, the parameters describing adsorption of activated carbon were 
considered equivalent for all the hydrogen isotopes.  
In addition the effect that the properties of the carbon materials have on their hydrogen 
adsorption capacity was also studied. For that, three different graphite grades, one carbon 
nanofiber and three different activated carbons were selected. Although these activated 
carbons had very different textural properties similar hydrogen adsorption capacities 
were obtained for most of the samples. Many researchers have reported that hydrogen 
adsorption on activated carbon linearly increases with increasing surface area and 
microporosity [85, 88, 115, 116, 133]. This trend was not observed in this project. 
Moreover, the activated carbon that showed the higher hydrogen adsorption capacity was 
not the one with the larger surface area. The carbon nanofiber had a much lower surface 
area but its hydrogen adsorption capacity was similar to that obtained for most of the 
activated carbons. The three different graphite types studied also showed similar results.  
Hydrogen adsorption capacity on one selected activated carbon and one selected graphite 
when they were directly in contact with hydrogen was also investigated. It was found that 
the amount of hydrogen adsorbed was approximately one order of magnitude higher 
when both samples were immersed in FLiNaK. Part of the activated carbon used in 
experiments with the salt was recovered and its adsorption capacity was measured 
without the salt. It showed intermediate results. Therefore, it was thought that the 
presence of FLiNaK enhanced the hydrogen adsorption capacity of the carbon materials.  
This was further investigated by characterizing the fresh and spent samples. SEM and 
EDX showed the presence of compounds of the salt, mainly potassium, on the spent 
carbon samples. In addition, nitrogen adsorption desorption analysis showed that there 
was a large decrease on the surface area of the activated carbons after being in contact 
with FLiNaK at high temperature. This suggests that the carbon materials were doped 
with potassium, which is thought to enhance their hydrogen adsorption capacity. In fact, 
the activated carbon that showed the larger decrease on its surface area was the one that 
obtained the higher adsorption capacity. 
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3. Feasibility of using graphite or other carbon materials to effectively remove tritium from 
FHRs. 
The feasibility of using carbon materials to effectively remove tritium from FHRs was 
investigated. A simple model describing tritium transport in FHRs was modified to 
include tritium removal using activated carbon in the secondary coolant loop. For that 
the tritium adsorption capacity on activated carbon estimated using the experimental data 
obtained in this project was used. The activated carbon was suggested to be inserted in 
the coolant at one point and then removed at a later point, flowing with the salt between 
these points, similarly to the fuel pebbles inside the reactor. 
Tritium removal by adsorption on activated carbon added into the secondary coolant loop 
was found to be a viable option to obtain the required tritium removal rate. In fact, for 
the model created and the parameters selected, it was found that an activated carbon 
flowrate of 8.7 kg·day-1 would be required to remove 90 % of the total tritium produced.  
Moreover, the effect of different process parameters such as the efficiency of the 
permeation barriers on the tritium removal rate was investigated. It was found that for 
more efficient permeation barriers placed in the secondary heat exchanger, the flowrate 
of activated carbon required to remove at least 90 % of the tritium produced decreases. 
Furthermore, the amount of activated carbon required would also be decreased if tritium 
is also removed from the primary coolant system using the graphite matrix of the fuel 
pebbles. 
9.2. Recommendations for future work 
Several recommendations have been identified and may be considered for future work. These 
are listed as follows: 
1. The experimental system should be made out of a material with lower hydrogen 
permeability than stainless steel. There are other alloys that have lower hydrogen 
permeability, such as Incoloy, Inconel or Hastelloy. For instance, hydrogen permeability 
in Incoloy 800H is approximately two orders of magnitude lower than the one in stainless 
steel 316 at 600 ºC [87]. The use of an alloy with a low hydrogen permeability would 
considerably decrease the pressure drop that would be obtained for blank experiments. 
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As the large experimental error estimated for the measurements were thought to be 
caused by the pressure drops caused by hydrogen permeation, the use of an alloy with 
lower hydrogen permeability would also minimize the experimental error. 
In addition, a tube with a thicker wall could be used. In this project stainless steel tubing 
was used, which had an outer diameter of 1/8 inches and a wall thickness of 0.028 inches. 
If instead a tube with a double size wall thickness was used, then the pressure drop caused 
by hydrogen permeation would decrease by 50 %. 
2. Configuration of the experimental system could be modified in order to allow operation 
with other molten salts. In this project adsorption capacity of carbon materials immersed 
in KF-ZrF4, LiF-ZrF4 and KCl-MgCl2 was planned to be studied. However, some 
experimental trials were performed with these salts, and blockages were formed in the 
tubes which made it impossible to measure hydrogen adsorption in these cases. This was 
thought to happen because the vapour pressure of these salt mixtures at the operating 
conditions was higher than that of FLiNaK [43]. 
The use of a wider tube is recommended in order to avoid blockages. In this case, the 
length of the tube between the two valves that make the vessel a close system (V-2 and 
V-4 in Figure 3.1) should be shorten. Otherwise, the volume of the system that is at room 
temperature would increase. Using a normal stainless steel tube the use of a shorter tube 
may also mean that the tube connections might have to be removed in order to move the 
vessel inside and outside the furnace. However, this might be avoided using flexible 
tubing.  
3. Different operating conditions should be studied. For instance, in order to properly 
estimate the equation describing hydrogen adsorption on graphite different pressures 
should be studied. This is because there are three parameters in the adsorption equation, 
and if results obtained for only one pressure are used there is a large correlation between 
the three parameters which results on the estimated parameters not being statistically 
significant. In this project the two parameters describing adsorption dynamics (k and kd) 
were considered equal for activated carbon and graphite. The model closely describes the 
experimental data using these parameters. However, parameters that give a better fit 
could only be obtained using additional experimental data. 
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In addition, experiments with deuterium could be performed at different temperatures. 
The isotope effect of the solubility in FLiNaK and adsorption capacity on activated 
carbon and graphite was studied at 600 ºC. However, the estimated relation of the 
solubility and adsorption capacity for different hydrogen isotopes may vary with 
temperature. Therefore, experiments with deuterium at different temperatures are 
required in order to estimate tritium adsorption capacity at those temperatures. 
4. In his project adsorption capacity of hydrogen isotopes on carbon materials immersed in 
molten salts was studied. However, the removability of hydrogen isotopes from carbon 
materials could be considered for future work. In fact, the minimum flowrate required in 
order to remove 90 % of the total tritium produced was estimated assuming a single use 
of each particle of activated carbon. However, in order to reduce the amount of activated 
carbon needed, and therefore, reduce the amount of sample that requires treatment, each 
particle could be used several times. This could be done by desorbing the tritium 
adsorbed on the samples once the activated carbon is removed from the system, and 
adding it again to absorb more tritium. The recovered tritium could be used as a fuel for 
fusion reactors. 
In order to study the feasibility of reusing the carbon samples, the process of desorption 
of hydrogen isotopes from the samples should be studied. With that objective, some 
experiments are suggested using the experimental system designed and commissioned in 
this project: after the adsorption measurements are performed, the gas adsorbed could be 
removed by pressurizing the system with an inert gas, applying vacuum or increasing the 
temperature. Afterwards, the adsorption process should be repeated using the same 
operating conditions. The amount of gas desorbed could be calculated by comparing the 
amount of gas adsorbed in each experiment. For instance, if the amount of gas adsorbed 
during the second experiment was nearly that obtained in the first trial, it would mean 
that a large amount of gas would have been desorbed before the second experiments. On 
the other hand, if the amount adsorbed in the second experiment was much lower than 
the one obtained in the first one, it would mean that the gas adsorbed could not be easily 
desorbed. 
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Appendix 
A.1 High Temperature Hydrogen Adsorption System 
Table A.1. HTHAS part inventory. 
 Part description Supplier Supplier code Number 
1 1/8" union tee Swagelok SS-200-3 6 
2 1/8" straight union Swagelok SS-200-6 3 
3 1/8" tube adapter to 1/4" male NPT Swagelok SS-2-TA-1-4 2 
4 1/8" tube adapter to 1/4" female NPT Swagelok SS-2-TA-7-4 1 
5 1/16" to 1/8 ” OD, Reducer Swagelok SS-100-R-2 1 
6 1/8" port connecter Swagelok SS-201-PC 2 
7 1/8" to 1/4" OD, Reducer Swagelok SS-200-R-4 1 
8 1/8” tube fitting to 1/4" to Female NPT Swagelok SS-200-7-4 1 
9 1/8" tube fitting to 1/8" male ISO parallel 
thread 
Swagelok SS-200-2RS 2 
10 1/16" bored-through fitting to 1/8" male ISO 
parallel thread 
Swagelok SS-100-2RSBT 1 
11 150 cm3 double-ended sample cylinder Swagelok 316-HDF4-150 1 
12 1/4" Low pressure relief valve Swagelok SS-RL3S4 1 
13 1/8" ball valve, 0.2 Cv Swagelok SS-41GS2 2 
14 1/8" needle valve, 0.35 Cv Swagelok SS-3NBS2-G 2 
15 1/8" 3-way valve, 0.15 Cv Swagelok SS-41GXS2 1 
16 Very high accuracy pressure transducer, 
0 - 100 psia 
Omega PX01CO-100AI 1 
17 Digital pressure gauge, 0-200 psig Omega DPG5500B-200G 1 
18 Type K 310 stainless steel thermocouple, 
1.5 mm x 400 mm 
TC Direct 405-006 2 
19 Type K Inconel 600 thermocouple, 
1.5 mm x 400 mm 
TC Direct 405-054 1 
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A.2. Ideal Gas Behaviour 
In order to assess whether the hydrogen gas follows the ideal gas law for the operating 
conditions selected, the stainless steel vessel containing hydrogen was heated up to the 
maximum operating temperature (700 ºC) and the pressure of the vessel was monitored. 
Figure A.1 shows the pressure of the vessel recorded for some selected temperatures.  
 
Figure A.1. Evolution of the pressure of the vessel during a heating up of an empty vessel 
with hydrogen gas.  
Figure A.1 shows that the pressure increases linearly with the temperature, which agrees with 
the ideal gas law. The total volume of the system includes the vessel, which is at the mentioned 
temperature and the tubing, which is at a base temperature. Assuming that the system follows 
the ideal gas law, the relation between the pressure and temperature for two different vessel 
temperatures should follow the Equation A.1, where α refers to the fraction of the total volume 
that is at the high temperature. 
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The value of α was calculated for all the points shown in Figure A.1 taking the first point (room 
temperature) as the base point. All the calculated values were found to be 0.88 (±0.01), which 
agrees with the values introduced in section 3.4.1. (Total volume 220 mL and vessel volume 
184 mL). Therefore, it was concluded that hydrogen follows the ideal gas law. 
A.3. Models developed to describe hydrogen transport in HTHAS 
A.3.1. Model describing hydrogen dissolution in FLiNaK 
Model entity: 
PARAMETER 
temperature AS REAL 
gas_volume AS REAL 
liquid_volume AS REAL 
liquid_density AS REAL 
ideal_gas_constant AS REAL 
Area AS REAL 
H AS REAL 
DISTRIBUTION_DOMAIN 
Depth AS [0 : H] 
VARIABLE 
pressure  AS pressure 
pressure_loss  AS pressure 
H2_moles AS moles 
H2_moles_salt AS moles 
H2_moles_gas AS moles 
H2_moles_loss AS moles 
Salt_H2_conc AS DISTRIBUTION (Depth) OF  molar_concentration 
Diffusivity AS Diffusivity 
k_salt_equilibrium AS equilibrium_absorption_coefficient 
BOUNDARY  
Salt_H2_conc (0) = k_salt_equilibrium * pressure; 
PARTIAL(Salt_H2_conc(H), Depth) = 0; 
EQUATION 
FOR z:= 0|+ TO H| DO 
$Salt_H2_conc(z) = Diffusivity*PARTIAL(Salt_H2_conc(z), Depth, Depth); 
END 
H2_moles_salt  =  Area * INTEGRAL(z:=0:H;Salt_H2_conc(z)); 
H2_moles_gas = (pressure*gas_volume)/(ideal_gas_constant * temperature); 
H2_moles_loss = (pressure_loss*gas_volume)/(ideal_gas_constant * temperature); 
H2_moles =  H2_moles_gas + H2_moles_salt + H2_moles_loss; 
$H2_moles = 0; 
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Process entity: 
UNIT 
Reactor AS Fickian_Diffusion 
SET  
WITHIN Reactor DO 
ideal_gas_constant :=  8.314 ;   
temperature :=  873 ;     
gas_volume :=  2.401e-4 ;    
liquid_volume :=  23.9E-6 ;    
liquid_density :=  2092000 ;     
area :=  0.002552;   
H :=  9.37e-3;  
Depth :=  [BFDM,1,50]; 
END 
ASSIGN 
WITHIN Reactor DO 
k_salt_equilibrium :=  2.37e-5 ; 
Diffusivity :=  2.57e-8 ; 
Pressure_loss :=  0 ; 
END 
INITIAL 
WITHIN Reactor DO 
H2_moles_gas =  0.0176 ;      
H2_moles_salt = 0 ;        
FOR z:= 0.000187|+ TO H| DO 
Salt_H2_conc (z) =  0; 
END 
END 
SCHEDULE  
SEQUENCE 
    CONTINUE FOR 12000 
    STOP 
END 
 
A.3.2. Model describing hydrogen dissolution in FLiNaK and adsorption on carbon 
materials 
Model entity: 
PARAMETER 
temperature AS REAL 
gas_volume AS REAL 
liquid_volume AS REAL 
liquid_density AS REAL 
ideal_gas_constant AS REAL 
Area AS REAL 
H AS REAL 
mc AS REAL  
DISTRIBUTION_DOMAIN 
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Depth AS [0 : H] 
VARIABLE 
pressure  AS pressure  
pressure_loss  AS pressure 
H2_moles AS moles 
H2_moles_salt AS moles 
H2_moles_gas AS moles 
H2_moles_carbon AS moles 
H2_moles_loss AS moles 
Salt_H2_conc AS DISTRIBUTION (Depth) OF  molar_concentration 
Diffusivity AS Diffusivity 
k_salt_equilibrium AS equilibrium_absorption_coefficient 
k_ad AS Adsorption_coefficient 
k_de AS Adsorption_coefficient 
CH_AC AS molar_concentration 
CH_max AS molar_concentration 
BOUNDARY  
Salt_H2_conc (0) = k_salt_equilibrium * pressure; 
PARTIAL(Salt_H2_conc(H), Depth) = 0; 
 
EQUATION 
FOR z:= 0|+ TO 9.18E-3| DO 
$Salt_H2_conc(z) = Diffusivity*PARTIAL(Salt_H2_conc(z), Depth, Depth); 
END 
$CH_AC = k_ad*(CH_max - CH_AC)*(abs(Salt_H2_conc(H))+1E-10)^0.5 - k_de*CH_AC; 
H2_moles_carbon = 1/2*mc*CH_AC; 
H2_moles_salt = Area * INTEGRAL(z:=0:H;Salt_H2_conc(z)); 
H2_moles_gas = (pressure*gas_volume)/(ideal_gas_constant * temperature); 
H2_moles_loss = (pressure_loss*gas_volume)/(ideal_gas_constant * temperature); 
H2_moles = H2_moles_gas + H2_moles_salt + H2_moles_carbon + H2_moles_loss ; 
$H2_moles = 0; 
Process entity: 
UNIT 
Reactor AS Complex_with_carbon 
SET  
WITHIN Reactor DO 
ideal_gas_constant := 8.314 ;       
temperature := 873 ;          
gas_volume := 2.401e-4 ;    
liquid_volume := 23.9E-6 ;    
liquid_density := 2092000 ;     
area := 0.002552;   
H := 9.37e-3;  
Mc := 2; 
Depth := [BFDM,1,50]; 
END  
ASSIGN 
WITHIN Reactor DO 
k_salt_equilibrium := 2.37e-5 ;  
Diffusivity := 2.57e-8 ;  
Pressure_loss :=  0 ; 
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k_ad := 663; 
k_de := 2768; 
CH_max := 1.05E-3;   
END  
INITIAL 
WITHIN Reactor DO 
H2_moles_gas = 0.0172 ;  
H2_moles_salt = 5E-6 ; 
CH_AC = 0 ; 
FOR z:= 1.87E-4|+ TO 9.18E-3| DO 
Salt_H2_conc (z) =1E-6; 
END 
Salt_H2_conc (H) = 1E-6; 
END 
SCHEDULE  
SEQUENCE 
    CONTINUE FOR 12000 
    STOP 
END 
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A.4. N2 adsorption-desorption isotherms of the spent carbon materials 
Nitrogen adsorption and desorption isotherms of the spent activated carbons, carbon nanofibers 
and graphites are shown in Figure A.2 and Figure A.3. 
 
Figure A.2. N2 adsorption-desorption isotherms of the spent activated carbons and the carbon 
nanofibers. 
 
Figure A.3. N2 adsorption-desorption isotherms of the spent graphites. 
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A.5. Models developed to describe tritium transport in FHRs 
A.5.1. Simple model without tritium removal 
Model entity: 
PARAMETER 
K1 AS REAL  
K2 AS REAL  
G AS REAL  
S1 AS REAL 
S2 AS REAL 
e1 AS REAL 
e2 AS REAL  
V1 AS REAL 
V2 AS REAL  
Sol1 AS REAL  
Sol2 AS REAL 
PRF AS REAL 
VARIABLE 
P1 AS Pressure 
P2 AS Pressure 
Out AS Flowrate 
Ratio AS Ratio 
M1 AS Mol 
M2 AS Mol 
C1 AS Concentration 
C2 AS Concentration 
J12 AS Permeability 
J23 AS Permeability 
EQUATION 
P1 = M1/(V1*Sol1); 
P2 = M2/(V2*Sol2); 
J12 = K1*24*3600*(SQRT(P1)-SQRT(P2))/(e1*PRF); 
J23 = K2*24*3600*SQRT(P2)/(e2*PRF); 
$M1 = G - S1*J12; 
$M2 = S1*J12 - S2*J23; 
Out = S2*J23; 
Ratio = Out /G; 
C1 = M1/V1; 
C2 = M2/V2; 
Process entity: 
UNIT 
R1 AS Tritium 
SET 
WITHIN R1 DO 
K1 := 1.48*10^(-12); 
K2 := 8.51*10^(-13); 
G :=  0.00112775; 
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S1 := 1200; 
S2 := 1200; 
e1 := 1.6*10^(-3); 
e2 := 1.6*10^(-3); 
V1 := 15; 
V2 := 10;  
Sol1 := 7.83*10^(-4); 
Sol2 := 1.21*10^(-4); 
PRF := 40; 
END 
INITIAL 
WITHIN R1 DO 
P1 = 0; 
P2 = 0; 
END 
SCHEDULE 
CONTINUE FOR 200 
A.5.2. Tritium transport model with removal from secondary cooling system 
Model entity: 
PARAMETER 
K1 AS REAL 
K2 AS REAL  
G AS REAL  
S1 AS REAL 
S2 AS REAL  
e1 AS REAL 
e2 AS REAL 
V1 AS REAL 
V2 AS REAL 
Sol1 AS REAL 
Sol2 AS REAL 
PRF1 AS REAL 
PRF2 AS REAL 
ka AS REAL  
kd AS REAL 
CTmax AS REAL 
ms AS REAL 
mc AS REAL 
DISTRIBUTION_DOMAIN 
m AS [0 : mc] 
VARIABLE 
P1 AS Pressure 
P2 AS Pressure 
Out AS Flowrate 
Ratio AS Ratio 
M1 AS Mol 
M2 AS Mol 
J12 AS Permeability 
J23 AS Permeability 
CTc AS DISTRIBUTION (m) OF Mass_Concentration 
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nads AS DISTRIBUTION (m) OF Adsorption_rate 
BOUNDARY  
CTc (0) = 0; 
EQUATION 
P1 = M1/(V1*Sol1); 
P2 = M2/(V2*Sol2); 
J12 = K1*24*3600*(SQRT(P1)-SQRT(P2))/(e1*PRF1); 
J23 = K2*24*3600*SQRT(P2)/(e2*PRF2); 
FOR z:= 0|+ TO mc| DO 
PARTIAL(CTc (z),m) = (ka*(CTmax-CTc(z))*SQRT(M2/V2)-kd*CTc(z))/ ms; 
END 
FOR z:= 0| TO mc| DO 
nads (z) = (ka*(CTmax-CTc(z))*SQRT(M2/V2)-kd*CTc(z)); 
END 
$M1 = G - S1*J12; 
$M2 = S1*J12 - S2*J23 - INTEGRAL(z:=0:mc; nads(z)/2); 
Out = S2*J23; 
Ratio = Out /G; 
Process entity: 
UNIT 
R2 AS Tritium_secondary 
SET 
WITHIN R2 DO 
K1 := 1.48*10^(-12); 
K2 := 8.51*10^(-13); 
G :=  0.00112775; 
S1 := 1200; 
S2 := 1200; 
e1 := 1.6*10^(-3); 
e2 := 1.6*10^(-3); 
V1 := 15; 
V2 := 10;  
Sol1 := 7.83*10^(-4); 
Sol2 := 1.21*10^(-4); 
PRF1 := 40; 
PRF2 := 40; 
CTmax := 1.05E-3; 
ka := 663;  
kd := 2768;  
ms := 8700; 
mc := 100; 
m := [BFDM,1,1000]; 
END 
INITIAL 
WITHIN R2 DO 
P1 = 0; 
P2 = 0; 
END 
SCHEDULE 
CONTINUE FOR 200 
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Figure A.4 shows the simulated tritium concentration on activated carbon expressed in a two 
dimensional space for a carbon flowrate of 10 kg·day-1 and residence times of 1, 2 and 
15 minutes. 
 
 
Figure A.4. Simulated tritium concentration on activated carbon expressed in a two 
dimensional space (mass expressed in grams and time in days) for a carbon flowrate of 
10 kg·day-1 and residence times of 1 (a), 2 (b) and 15 minutes (c). 
  
a)
c)
b)
τ = 1 min
τ = 15 min
τ = 2 min
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A.5.3. Tritium transport model with removal from primary cooling system 
Model entity: 
PARAMETER 
K1 AS REAL 
K2 AS REAL  
G AS REAL  
S1 AS REAL 
S2 AS REAL  
e1 AS REAL 
e2 AS REAL 
V1 AS REAL 
V2 AS REAL 
Sol1 AS REAL 
Sol2 AS REAL 
PRF1 AS REAL 
PRF2 AS REAL 
ka AS REAL  
kd AS REAL 
CTmax AS REAL 
ms AS REAL 
mc AS REAL 
DISTRIBUTION_DOMAIN 
m AS [0 : mc] 
VARIABLE 
P1 AS Pressure 
P2 AS Pressure 
Out AS Flowrate 
Ratio AS Ratio 
M1 AS Mol 
M2 AS Mol 
J12 AS Permeability 
J23 AS Permeability 
CTc AS DISTRIBUTION (m) OF Mass_Concentration 
nads AS DISTRIBUTION (m) OF Adsorption_rate 
BOUNDARY  
CT2c (0) = 0; 
EQUATION 
P1 = M1/(V1*Sol1); 
P2 = M2/(V2*Sol2); 
J12 = K1*24*3600*(SQRT(P1)-SQRT(P2))/(e1*PRF1); 
J23 = K2*24*3600*SQRT(P2)/(e2*PRF2); 
FOR z:= 0|+ TO mc| DO 
PARTIAL(CTc (z),m) = (ka*(CTmax-CTc(z))*SQRT(M1/V1)-kd*CTc(z))/ ms; 
END 
FOR z:= 0| TO mc| DO 
nads (z) = (ka*(CTmax-CTc(z))*SQRT(M1/V1)-kd*CT2(z)); 
END 
$M1 = G - S1*J12 - INTEGRAL(z:=0:mc; nads(z)/2; 
$M2 = S1*J12 - S2*J23; 
Out = S2*J23; 
Ratio = Out /G; 
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Process entity: 
UNIT 
R2 AS Tritium_primary 
SET 
WITHIN R3 DO 
K1 := 1.48*10^(-12); 
K2 := 8.51*10^(-13); 
G :=  0.00112775; 
S1 := 1200; 
S2 := 1200; 
e1 := 1.6*10^(-3); 
e2 := 1.6*10^(-3); 
V1 := 15; 
V2 := 10;  
Sol1 := 7.83*10^(-4); 
Sol2 := 1.21*10^(-4); 
PRF1 := 40; 
PRF2 := 40; 
CTmax := 4.92E-4; 
ka := 667;  
kd := 2768;  
ms := 1550; 
mc := 100; 
m := [BFDM,1,1000]; 
END 
INITIAL 
WITHIN R3 DO 
P1 = 0; 
P2 = 0; 
END 
SCHEDULE 
CONTINUE FOR 200 
A.6. Estimation of maximum adsorption capacity 
The maximum adsorption capacity of hydrogen and deuterium in graphite was estimated using 
the kinetic constants shown in Table 8.7, the data shown in Chapter 7 and using Equation (8.16. 
The values obtained were included in Table A.2.  
The evolution of hydrogen and deuterium adsorption on graphite immersed in FLiNaK was 
simulated using the model developed in section 5.3. Figure A.5 shows the comparison of the 
simulated and experimentally obtained data. It can be onserved that the modelled data closely 
describes the experimental trend. Therefore, the estimated parameters were considered 
adecuate. 
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Table A.2. Estimated maximum hydrogen 
and deuterium adsorption capacity on 
graphite at 600 ºC. 
 𝐂𝐓.𝐦𝐚𝐱 (mol·g
-1) 
Hydrogen 9.04·10
-4 
Deuterium 6.20·10
-4 
 
Figure A.5. Simulated and experimentally obtained of the evolution of the adsorption of 
hydrogen and deuterium on graphite immersed in FLiNaK at 600 ºC and using an initial 
pressure of 5.5 bar. 
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